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In general, the larger the problem, the more many-sided it is, the more
complicated by secondary and tertiary feedback couples, and the more
difficult it is to obtain the evidence, the more essential it is to the
efficient prosecution of the study that the system first be understood
in qualitative, terms ;
only this can make it possible to design the
most significant experiments, or otherwise to direct the search for the
critical data, on which to base an eventual understanding in quantitative terms.
J. H . Mackin (1963)

To achieve its potential, karst research must make use of the full
complement of sciences and mathematics. It is clear from the above
discussion that intuition alone can sometimes lead to false conclusions, and that one's observations should not be extrapolated blindly
into the unknown. However, it is important that equations and computer
analyses play only a secondary role to field work . Detailed observations and mapping of geomorphic features provide the only anchor that
holds a conceptual model to reality .
Arthur N . Palmer (1984a)
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ABSTRACT

Fractures
collapse.

influence

Fractures

also

cavern
localize

development
solution,

by

thus

promoting
guiding

and promoting the growth of blind fissures or the j
of bedrock.

bedrock

flow

paths

i u fragmentation

Observations in branchwork caves in West Virginia suggest

a method of inferring the locations of the early flow paths along
fractures

(structural

enlargement.

segments)

and

of

analyzing

their

subsequent

Detailed mapping and morphologic analyses of structural

segments in the Union Limestone (Mississippian Greenbrier Group) in the
North Canyon of Snedegar Cave, indicate stage I phreatic growth as
ungraded tubes .

Flow was guided mostly by bed partings (37%),

systematic joints (29%), or bed-joint intercepts (20%) . Thrust faults
and

their intercepts with joints guided 11% of the 1382 feet of

inferred tubes . The stage I tubes lay on two levels separated by joint
conduits.

At the end of stage I, flow paths formed a complex network

with several closed loops .
Stage II began with the earliest onset of vadose conditions .
Low-discharge streams incised the apices of the ungraded tubes, forming
narrow trenches .

Lower parts of the ungraded conduits grew under

closed-conduit flow in -pressure loops.

Where stage I flow paths

Xxii

branched in a downstream direction, the higher downstream paths were
abandoned, because stream depth was insufficient for flow to continue
past high points .

This process reorganized the flow system into three

active conduits and three abandoned tubes . The active conduits became
canyons (the North Canyon, the Headwall Passage, and the Saltpetre Maze
Passage) as the streams cut down, removing pressure loops and grading
the floors of the narrow trenches . The joint conduits between the two
levels enlarged as shafts .
Stage III began with the introduction of clastic sediments . The
sediments promoted undercutting, leading to the development of wide
undercut surfaces .

Wide trenches formed beneath these surfaces . A

partial grading of the floor between the two levels was effected in the
North Canyon by headward incision and lowering of the lip of the shaft,
combined with a flow-path diversion . Collapse produced wedge-shaped
breakdown where undercutting was extensive below bedrock bounded by
faults, joints, and the narrow trenches .
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CHAPTER 1
INTRODUCTION

The Roles of Fractures in Cavern Development
A fracture is "a surface along which loss of cohesion has taken
place"

(Dennis,

faults,

and

1967,

bedding

p. 78) .
plane

So

defined,

fractures include joints,

partings . The classification of bedding

plane partings as fractures is a natural one for speleologists . Like
joints and faults, bedding plane partings are narrow spaces usefully
described as surfaces that form planes of weakness and as openings that
transmit water .
Tectonic joints, faults, and bedding plane partings usually form
before the onset of cavern development .
glacial

unloading (Palmer,

1975)

or

Tectonic activity such as
near-surface

stress

release

(Renault, 1968) may widen or otherwise modify them during conduit
enlargement .

The roles of these fractures in guiding ground-water flow

and controlling the development of passages in karst caves has long

To help non-specialists, some standard karst terms are defined in the
glossary. However, this study also introduces a number of new terms .
These are underlined at their first appearance . If a formal definition
is immediately helpful it is given in the text. Otherwise, definitions
are relegated to the glossary, which often has an expanded discussion
of the relationships between terms .
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been

recognized (Martel,

1942) .

1921 ; Davis,

1930 ; Swinnerton,

1932; Bretz,

Most importantly, the fractures provide openings along which

aggressive ground
solution

water may flow (or be injected), thus leading

of bedrock .

initial or
promote

In this

other early flow

capacity

the

fractures may (1)

of ground water

the development

blind solution

of

to

guide

along flow paths; (2)
pockets,

joint spurs,

fissures, or anastomoses along the perimeters of existing conduits ; and
(3)

promote

situ

j

disaggregation

of

bedrock .

In

addition,

the

bedding plane partings, joints, and faults provide zones of structural
weakness.
Collapse

In

this

modifies

capacity
passage

they

morphology

conduits if breakdown is removed .

(4)

may

and

promote
leads

cavern

collapse.

to enlargement of

Examples of such controls on cavern

development are in reviews by Jennings (1971)

Sweeting (1973), and

Boegli (1981) and in papers by Ford, D . C. (1965b, 1968, 1971) ; Ford and
Ewers (1978) ; Ford, T. D . (1971) ; Davis (1966) ; Atkinson (1968) ; Ewers
(1966,

1972) ;

1975, 1977) ; Deike (1969); Kastning

Palmer (1972, 1974,

(1977); and Waltham (1971) .
As caves enlarge, other fractures may form in bedrock exposed on
the perimeters of passages, or on breakdown on cave floors .
tures

include

those

generated

into undercut voids ;

the following

by

Such frac-

processes: collapse

pressure release of previously confined bedrock ;

crystal wedging by frost action or by growth of gypsum ; exfoliation ;
and

chemical

and

and White, 1965 ;
1977 ;

Jagnow,

physical weathering
Renault, 1968 ;

197 &;

(Davies,

1951;

1949,

White and White, 1969 ;

C. W. Davies,

1977; and Jameson,

Pohl
Powell,

1983). These
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later-forming

fractures

play

two

main

roles

in

speleogenesis .

They

promote the fragmentation of bedrock, which can lead to increased rates
of erosion and conduit enlargement . They also promote the modification
of passage morphology .

Tracing the Growth of Cave Passages
This study is concerned with three main topics : (1) the directional guiding by fractures of the early flow of ground water along
flow paths ; (2) the physical character of the early flow ; and (3) the
nature of the changes in flow and conduit characteristics that arise as
conduits evolve from small fractures into cave passages . These topics
are linked by a single purpose---that of tracing the growth of cave
passages throughout their histories .
To trace the growth of cave passages in such detail, it is first
necessary to identify and map the fractures that guided the early flows
of

ground

water .

This task is sufficiently difficult that it has

rarely been attempted . Only a few attempts have been made to specify
which fractures guided early flows for lengthy sections of cave in
complex structural settings, and to study influences of those fractures
on

subsequent passage development (for examples, see Ford, 1965b ;

Jameson, 1981).
precisely

in

The paucity of such studies is unfortunate, for it is

complex

structural

settings

that

detailed

studies

of

conduit evolution should be most fruitful . Moreover, the generalized
nature of many otherwise excellent
has meant that

much

analyses of

structural

controls

potentially useful information has been ignored .
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In this study an attempt is made to retrieve some of that information .
The attempt begins as a method of inferring which fractures guided
early flows of ground water in certain kinds of caves .
Structural Segments
In most carbonate aquifers with caves, the earliest dissolution
effected by ground water is along fractures . Dissolution of bedrock on
the walls of the fractures enlarges the fractures into rudimentary
fracture,

conduits .

Fracture conduits are small conduits that (1)

transmit ground water along integrated flow paths and (2) are aligned
along fractures .
In any large parcel of soluble bedrock exposed to recharge, some
of

fracture conduits will capture sufficient, discharge for a

the

sufficient period of time to grow to cavernous size . During this
growth, processes of dissolution, abrasion, and collapse obscure or
destroy evidence indicating which fractures guided early flows of
ground water.

Nonetheless, the extensions of the transmissive frac-

tures are often retained as fracture traces that are visible on the
perimeters of passages . In some passages these traces may be used along
with

appropriate

morphologic

and

hydrologic evidence to infer

structural segments .
Briefly stated, a structural segment is an inferred fracture
conduit .

More technically, a structural segment consists of a conduit

developed along one or more fractures, such that the fracture(s) can be
inferred to have guided the flow of ground water during the early
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fracture-conduit stage of the development of the particular flow path .
(However, for practical reasons, a structural segment may consist of
more than one conduit
pp . 23-27 .)
integrated

on a single

fracture ;

for examples,

see

"Fracture-conduit stage" refers to that stage at which
flow

from

specifiable

inputs

to

different

specifiable

outputs has been established, such that the bulk of the flow within a
given parcel of bedrock is through discrete fracture conduits . Usually
the fracture conduits will have sizes considerably larger than nearby
less altered fractures that may contribute small diffuse flows . Recent
arguments (based on diverse and still controversial models of the
chemistry of dissolution and the physics of flow) would require a
minimum diameter for fracture conduits on the order of 0 .01 to 0 .08
feet, assuming flow paths that are phreatic (White and Longyear, 1962 ;
Howard, 1964 ; White, 1977b, 1978 ; Dreybrodt, 1981a, 1981b ; Palmer,
1981a, 1984b).
Figure 1 illustrates the concept of a structural segment . The
figure shows a single continuous tube aligned along several types
of fractures.

The tube is aligned successively along a bed parting,

the intercept of a bed parting and a joint, and a zone of fractures
that are closely spaced . Each part of the tube illustrates one of the
three classes of structural

segments.

A class of structural segments

is distinguished on the basis of the number of fractures that guided
early flow, or on the basis of the way in which that early flow
was

guided .

Single-fracture

individual fractures.

segments

Intercept

segments

are

conduits

developed

on

are conduits developed on

Figure 1 . Oblique-view midline diagram illustrating the concept of a
bedding plane parting . J = joint. From I to 2 is a single-fracture
parting. From 2 to 3 is an intercept segment formed on the intersection
joint . From 3 to 4 is a zone segment formed within a zone of joints and a bed

structural segment . B =
segment formed on the
of the bed parting and a
parting .

O,
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the

intersection of . two or more fractures ; there can be only one

intersection .

This means that most intercept segments use only two

fractures .

Zone, 5eaments are conduits developed along closely spaced

fractures .

For zone segments it is not generally possible to specify

which fracture or fractures of a fracture zone guided early flows ;
instead one specifies a zone of fractured bedrock that is inferred to
have been transmissive .
The concept of a structural segment is not likely to be applicable
to more than a small percentage of caves .

In fact, the concept is

applicable only where ground water flowed during relatively early
stages (for each flow . path of interest) from
inouts 12 similar outputs.

discrete,

identifiable

This means that the concept is applicable

primarily to caves exhibiting branchwork patterns (see White, 1960,
pp . 45-49 ; also, see glossary) .

The

above

definitions eliminate the

application of the concept to network mazes formed by diffuse infiltration, and to spongework mazes, for in such mazes it is essentially
impossible to follow early flow paths from discrete inputs to discrete
outputs.

However, the concept of a structural segment may be useful in

analyzing flow paths in floodwater mazes, particularly those local
mazes that bypass constrictions in branchwork caves . The dynamics and
origins of maze caves are discussed by Palmer (1975) .
It is important to emphasize that structural segments per >g are
not generally observable . The reason is that they are in fact inferred
paleo-fracture conduits, for the majority of these conduits have been
destroyed by processes of cavern enlargement. In most cases it is, at
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best,

possible to see only

segments .

"enlargements" or "remnants" of structural

(For example, in

States, the

enlargements

of

branchwork caves of the eastern United
the

structural

segments

that

observed are typically small ceiling half tubes or fissures .)

can

be

However,

there are occasional exceptions in which structural segments can be
directly

observed.

fissures transmitting

For

example;

ground

water

some
into

recently
modern

formed
cave

tubes
passages

and
are

small, having only recently been integrated as vadose or floodwater
flow paths.

These may well be reckoned to be still in a fracture-

conduit stage .
Even though structural segments are not generally observable,
where their morphologic remnants (i .e., slightly modified remnants such
as half tubes) are present, or other evidence is sufficient to identify
them, it can be instructive to divide cave passages into structural
segments and to attempt to follow flow paths from fracture to fracture .

This is true for several reasons. First, the attempt to follow

(or more importantly, map) flow paths in such detail forces one to
observe cavern features that might otherwise be missed in more generalized studies .

Second, in many caves an accurate account of speleo-

genesis can be obtained only if early flow paths are properly distinguished from later flow paths formed by floodwaters or formed as
a result of diversion of ground water to lower levels (Palmer, 1972) .
(Often, these tasks can be done only if each flow path can be followed
continuously over the area of interest. Such a situation is common in
complex structural settings in which numerous flow paths formed in
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small parcels of bedrock . As will be shown below, detailed knowledge
of fractures [and their influences on the geometries and the shapes of
small conduits enlarged from structural segments] can simplify the
tasks

involved

paths .)

in

distinguishing types and relative ages of flow

Third, the geometries of the early flow paths can exert

considerable influence on the modes of enlargement and on the
morphologies of the passages that develop from them (Ford, 1965, 1968,
1971 ; Ford and Ewers, 1978 ; Jameson, 1981).

In cases where such

influences are suspected, it is' essential to be able to identify the
precise positions and characteristics of the early flow paths .
The types of evidence useful in inferring structural segments
varies with the type of cavern development and the extent of passage
enlargement.

Unfortunately,

in

most

cavern

settings evidence

is

insufficient to identify more than scattered structural segments . Yet
in some caves it is possible, due to extraordinary geological conditions and developmental sequences, to follow paleo-flow paths from
segment to segment through long sections of cave. Whole collections of
segments may then be distinguished as initial flow paths, diversion
routes to lower levels, or superimposed floodwater routes .
Some geologic conditions conducive to detailed segment analyses in
caves include : prominent but widely spaced joints, faults, or other
fractures; massive bedding ; minimal collapse of passages ; and limited
sedimentation, either by transported elastics or by chemical precipitates.

It is also paramount that enlargement of passages not be

so great or so directed as to have totally removed the traces of the
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fractures that were transmissive during early stages of flow . A cavern
setting in which these latter conditions are often fulfilled is in
canyons in branchwork caves . In such canyons the remnants of the early
conduits can be seen on ceilings as small half tubes or fissures
whose former floors have been entrenched by free-surface streams .
These latter conditions are also often fulfilled in tubes and shafts
accompanying the canyons .
Purpose and Design
Many branchwork caves, including some caves formed in complex
structural settings in the carbonates of the Mississippian Greenbrier
Group of West Virginia, have canyons which fulfill the above geologic
conditions .

A study was therefore undertaken to develop a method of

inferring structural segments and of analyzing the history of development of passages enlarged from them . That method is presented in Part
1 of this thesis.

In Part 2 the method is illustrated and further

developed through a detailed interpretation of the growth of the
North

Canyon

and

several associated passages in Snedegar Cave .

Snedegar Cave is in Friars Hole Cave system, a complex multi-level
branchwork cave located north of Renick in east-central West Virginia .
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PART 1
STRUCTURAL SEGMENTS AND SEGMENT ANALYSIS

CHAPTER 2
SEGMENT ANALYSIS : A PROCEDURE
AND ITS PRINCIPLES

Introduction
The method of segment analysis is based on study of passages in
over 40 caves in Pocahontas, Greenbrier, and Monroe Counties, West
Virginia.

Some of the larger caves investigated are listed in Table 1 .

The caves marked with asterisks contain passages suitable for segment
analysis .
Greenbrier

Such passages are typically in the purer carbonates of the
Group .

Passages

in

the

more

argillaceous

units

often

contain abundant exfoliation (Jameson, 1983) and are seldom suitable
for

segment

analysis.

Canyons

particularly

suitable

for

segment

analysis are in Friars Hole Cave system, Bone-Norman Cave system, the
Portal, and Culverson Creek Cave system.

In general, the canyons of

the "contact caves," which are developed in the lower members of the
Greenbrier Group and in the top of the underlying Maccrady Shale,
not suitable for segment analysis .

are

Accounts of speleogenesis in the
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TABLE 1
INVESTIGATED MAJOR CAVES
Pocahontas County
Martha's Cave
Beard's Blue Hole
Cutlip Cave
Hills-Bruffey Cave
Clyde Cochrane Cave
Martens Cave
• Friars Hole Cave system
• Canadian Hole
• Snedegar Cave
Greenbrier County

• Friars Hole Cave system
• Toothpick Cave
• Crookshank Cave
• Rubber Chicken Cave
• Friars Hole Cave
Robbins Run Hole
Fox Cave
Browns Cave
• The Portal
Buckeye Creek Cave
• Bone-Norman Cave system
• Culverson Creek Cave system
Higginbothams No . 1 Cave
Luddington Cave
McClung Cave
• Herns Mill Cave
Organ Cave
Monroe County
Laurel Creek Cave
Greenville Saltpetre Cave
# Patton Cave
* = Cave with passages suitable for segment analysis
Contact cave in the lower Greenbrier Group and
in the Maccrady Shale (Jones, 1973)
# Cave in Ordovician limestone (Davies, 1958)
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contact caves are given by Balfour (1973), Palmer (1974), Rutherford
and Handley (1976), and Wigal (1978) .
The
because

of

segment

requires

detailed

method
it

analysis . is
observation

complex .
and

It

is

tedious,
of

interpretation

morphologic features preserved on passage walls and ceilings . The
method is also extremely time-consuming as a field technique.
The exposition of the method begins with some additional terms and
concepts that are needed for the description and mapping of structural
segments .

The exposition continues with a set of rules that are used

to divide conduits into structural segments and that are used to
describe and, designate flow paths . (The rules may at first seem
arbitrary .

Without

However, they are in fact practical necessities .

them it would be difficult to study paleo-flow paths in complex
branching flow systems in which there have been several stages of
development using a variety of types of fractures .)

Next, criteria

for inferring structural segments are presented . In the final part of
the chapter, the field procedures used to identify, map, and study
structural
analysis

segments

are

described.

Also,

is summarized in an outline .

method

the
The

field

of

segment

procedures, the

inference criteria, and the outline of the method are further illustrated with the analysis of a hypothetical canyon .
stated that

the

analysis

of

the hypothetical

It should

canyon

is

be

worth

deciphering with some care . Although that canyon is hypothetical, the
analysis has been constructed so as to accurately illustrate the kinds
of

geomorphic reasoning needed to infer structural segments and
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interpret conduit growth from structural segments into canyons . The
geomorphic and structural features that are used in the hypothetical
canyon are common in the caves listed in Table 1, particularly in
Friars Hole Cave system.
Some Segment Terminology
Each class of structural segments (p . 5) can be exemplified by a
variety of types of structural segments, or segment, tvoes .

Segment

types are designated according to the type or types of host fractures .
A conduit developed on a bedding plane parting is a
(abbreviated B) .

Similarly, a . conduit on a joint is a

bed segment
'gin

segment

(J) ; one on a fault is a fault segment (F) ; one on the intersection of
a bed parting and a joint is a bed-joint, segment (BJ); one on the
intersection of a fault and a joint is a

fault-ioint segment (FJ) ; and

one on the intersection of a bed parting and a fault is a
segment (BF).

bed-fault

(A segment on a fault that is within the plane of a bed

parting is a fault segment .) To designate zone segments it is best to
list the host fractures. Thus Figure 1 has a zone segment containing
joints and a bed parting . Additions and modifications to these terms
(used to identify particular segments, for example) are introduced as
needed below .
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Rules for the Division of Conduits
into
Segments, Sections, and Flow Paths
Midline Diagrams
Figure 2 is a midline diagram, a schematic view of a flow path .
The diagram is drawn from an oblique view that allows a schematic
representation of a bed parting and two joints . The location of the
flow path on the fractures is indicated by

midlines .

Midlines are

symbols---usually lines---that show the inferred positions of early
flow of ground water along the transmissive fractures . In Figure 2 the
flow path consists of two bed segments, a bed-joint segment, and two
joint

segments.

It

is continuous

position ¢, the output .

The

from

position 1

the

input,

to

method of segment analysis requires

frequent reference to such passage locations .

The passage locations

are indicated by position names on plans, profiles, and cross sections
of maps, as well as on midline diagrams . Position names are usually
numbers.

To distinguish position names from measured quantities,

position names are underlined in the text.
then often omitted .

The word "position" is

Position names are not underlined where they

appear on maps or diagrams.
Endpoint Rules and the Branching Rule
An endpoint is the beginning or end of a segment . An endpoint is
designated

by

a

position name.

To specify a segment with a segment,

Figure 2 . Oblique-view midline diagram of a simple flow path . Flow is from an input at position I
to an output at position C In segment terminology, we have bed segment 1-2, bed-joint segment
2-3, joint segment 3-4, joint segment 4-5, and bed segment 5-6 . This is abbreviated as 1-2 = B,
2-3 = BJ, 3-4 = J, 4-5 = J, and 5-6 = B . This flow path is hypothetical . For actual passages the
flow lines are usually drawn near the middle of the inferred early conduits from segment to
segment, hence the name midline diagrams Midlines may show plan, profile, or oblique views .
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name, the name of the segment type (e.g., bed segment) is combined with
the names of the segment endpoints (e.g., 1_ and a in Figure 2) and the
underlining is omitted .

Thus the farthest upstream bed segment of

Figure 2 is bed segment 1-2.
Endpoints of structural segments are designated according to
endpoint,

rules .

While

endpoint

rules

specify endpoints, they are

simultaneously a set of conventions for dividing paleo-conduits into
segments and sections (see below, p . 19) of flow paths . In Chapter 1,
structural

segments

are

segments,

intercept

segments,

into

divided
and

three classes : single-fracture

zone segments .

This

division

suggests that it would be useful to designate endpoints of structural
segments wherever flow changed from:
(1) one class of segments to another class

(e.g,

from single-

fracture bed segment 1-2 to intercept bed-joint segment 2-3 of Figure
2); or
(2) one fracture or fracture zone to another fracture or fracture
zone (e.g., from joint segment 3-4 to joint segment 4-5 in Figure 2) .
These

rules

structural segments.

not

are

The

sufficient for
main

reason

is

designating
that

conduits

individual
sometimes

branch, and such branching may occur in what otherwise would be a
single continuous structural segment .

The problem can be visualized

with the aid of Figure 3 .
Figure 3A depicts what might be labeled "one conduit" branching
into

"two conduits" on a bedding plane parting .

Without further

information it is not clear how this should be *dealt with . It might be
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Figure 3 .
Oblique-view midline diagrams illustrating the need for a
branching rule . (A) One conduit branching in a downstream direction
into two conduits on a bedding plane parting . (B) Sequence of development of the conduits of (A) in which bed segment 1-2 forms first,
followed by the development of bed segment 3-4.
(C) Sequence of
development of the conduits of (A) in which bed segment 1-4 forms
first, followed by the development of bed segment 3-2 . (D) Simultaneous development of the conduits of (A), resulting in the designation
of bed segment 1-3, bed segment 3-2, and bed segment 3-4. With the
branching rule the conduits of (A) are divided such that a new segment
is designated wherever conduits branch . Thus, bed segments 1-3, 3-2,
and 3-4 are designated.
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decided (e.g., on the basis of morphologic evidence) that there was
first a bed segment 1-2, followed by the development of a bed segment
3-4, as shown in Figure 3B.

Alternately, it might be decided that

there was first a bed segment 1-4, followed by the development of a bed
segment

3-2

(Figure

3C) .

Another

possibility

would

be

that

the

branching conduits grew at the same time as distributaries . In the
latter case it might be useful to designate three segments---namely bed
segments 1-3, 3-2, and 3-4 (Figure 3D) . Such differing (and mutually
exclusive) interpretations of the sequence of the development of the
conduits clearly result in the designation of segments with different
endpoints, depending on the interpretation of the flow-path history,
which would have to come first.
helpful

at

conventions
require

all .

Insofar

as

Yet this procedure would not be

possible,

it

is

desirable

have

to

for designating structural segments that do not first

an

interpretation

of

the

site-specific

flow-path

history .

Instead, it is more appropriate to use the structural segments and
the

morphologic features of the conduits enlarged from them, to

interpret the history of linkage and enlargement of the flow paths .
The problem is solved with the branching rule .

By this rule, the

cave is first divided into passage sections wherever branching occurs
within the zone of early flow for each flow path . The sections are
then

divided

into

their

constituent

structural

segments

using

the

previous endpoint rules, with the following addition : endpoints are
designated wherever branching occurs even if this arbitrarily truncates
what once was a single continuous fracture conduit . (However, for
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practical reasons there are several exceptions as described below on
pp. 23-27 and 32-33) .
Examples of this procedure are given in Figure 4 and Figure 5 .
These figures illustrate downstream and upstream branching, respectively .

Downstream branching is the division of flow or of a conduit

into several routes in a downstream direction .

Upstream, branching is

the joining of two upstream flow paths or conduits to form a third flow
path or conduit farther downstream. In branchwork caves, downstream
branching (Figure 4) is typically due to the superposition of later
stages of cavern development. An example is -the case in which a flow
path is abandoned as flow is diverted to a lower level when a water
table drops (Palmei, 1975) .

Downstream branching may also occur as

contemporaneous distributaries (Ewers, 1972, 1982) . Upstream branching
(Figure 5) is typically due to the input of tributaries, which may have
formed simultaneously, or one before another .
In either form of branching, the division occurs at a branchpoint .

A branchpoint, is a position common to at least three structural

segments on three sections. The branchpoint may be specified by naming
the position or by designating a

iunction, of the sections .

Sections

are named with numbers or letters, such as section 1 (S1) or section M
(SW.

In Figure 4, position 3 is the branchpoint.

junction 1,2,3.

Position 3_ is also

The latter name is created, by combining the word

junction with the names of the sections .

Junction names are abbrev-

iated by placing the capital letter "J" in front of the names of the

Section 1 :
Section 2:
Section 3 :

1-3 = B
3-2 = B
3-4 = B

Path 1 :

Section 1: 1-3 = B
Section 2: 3-2 = B

Path 2 :

Section 1: 1-3 = B
Section 3 : 3-4 = B

Figure 4 . Midline diagrams illustrating section and segment conventions for downstream branching .
Here downstream branching is caused by diversion of flow to a lower level of the same bedding plane
parting . (A) First, the conduits arc divided into sections 1, 2, and 3 (S1, S2, S3) . Then each
section is divided into segments . (B) The section and segment descriptions and the midline diagram
are used to describe and illustrate the initial flow path (Path 1) and the later flow path (Path
2).

4

4
A

Section 1 : 1-3 = B
Section 2: 2-3 = B
Section 3 : 3-4 = B

B
Initial Path :
Path 1 : Section 1 : 1-3 = B
Section 3 : 3-4 = B
Later Path :
Path 2 : Section 2 : 2-3 = B
Section 3 : 3-4 = B

Figure 5 . Midline diagrams illustrating section and segment conventions for upstream branching .
Here upstream branching is caused by the input of a tributary on the same bed parting by which the
original flow path was guided . (A) First, the conduits are divided into sections 1, 2, and 3 (SI,
S2, S3) . Then each section is divided into segments . (B) The section and segment descriptions are
used to describe and illustrate the history of development of the flow paths, which consist of the
initial Path 1 and the later-developing Path 2 .
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sections, e.g., junction 1,2,3 is J 1,2,3 .
The branching rule and other segment conventions help provide a
data base of sections and segments which can be further studied in
conjunction with field evidence in order to interpret the history of
development and enlargement of flow paths . To illustrate the potential
results of this part of the method of segment analysis, the data bases
of Figure 4A and Figure SA are interpreted as flow paths in Figure 4B
and Figure 5B, respectively .
For simple structural settings and simple flow paths, the entire
procedure may seem unnecessarily cumbersome . However, flow paths are
often more complex .

They may be longer, contain more and different

types of structural segments, or have closed loops due to combinations
of upstream and downstream branching . An example of a slightly more
complex flow system than those of the previous examples is shown in
Figure 6.

For this and more complex flow systems, it is essential to

first have a method of describing structural segments that does not
bias

the

interpretation

of

flow-path

history,

before

undertaking

further steps in the analysis of the flow paths .
Some Exceptions to the Branching Rule
There are several circumstances in which the branching rule is
best not used.
joint

spurs,

bell

One is the case of blind fracture-guided fissures,
holes,

or

other

solution

pockets

that

intersect

fracture conduits and that have bedrock terminations . These may be
elaborate, irregular fissures of considerable size.

Alternately, they
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Section 1 (S1) :
1-2 = B

Section 3 (S3) :
7-8 = B

Section
2-3 =
3-4 =
4-5-6
6-7 =

Section 4 (S4) :
2-7 = B

2 (S2) :
B
BJ
= J
B

B = bed segment
J = joint segment
BJ = bed-joint segment

Figure 6. Oblique-view midline diagram of a hypothetical flow system
with a closed loop . Although there are only two fractures (a bed
parting and a joint) that guide flow, there are three types of segments
and four sections containing seven segments. Such a flow system is
more complex than those previously illustrated .
Yet it is simple
compared to . many flow systems in caves with complex structural settings. To interpret this flow system, one would seek field data to
answer these questions : (1) Did section 4 develop as a short cut after
an early flow path used section 1, section 2, and section 3? (2) Did
section 2 develop as an alternative route to a shorter route that used
section 1, section 4, and then section 3? Or (3) did sections 2 and 4
form at the same time as competitive routes?
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may be little more than joint spurs barely jutting into the bedrock .
Yet whatever their form, and however much they may seem to branch, as
long as they are truly blind (forming dead ends that are not merely
conduits choked by sediments) they are not to be considered structural
segments.

Instead, they are fractures (or blind openings enlarged from

fractures) into which water has been injected, only to return

to the

same flow path .
Another circumstance in which the branching rule is best not used
is

the case of fracture . conduits that form short, often irregular

closed loops on a single fracture .
joints that form fissures .

These are usually high-dipping

An example is given in Figure 7A .

reasoning behind the exception is threefold :

The

first, designating short

sections (on the order of a-few inches to a few feet) is cumbersome,
and

easily

trivializes

the

concept

of

a

section.

Second,

it

is

seldom possible to obtain evidence that would allow one to distinguish
temporal or other relations between such closely spaced conduits .
Third, it is likely that such short closed loops occurred occasionally
on a very short spacing on fractures early in the development of
fracture conduits, it taking but little enlargement to destroy the
intervening

bedrock

bridges

(and

short

closed loops

in the

flow

paths) that were once present .
A final common circumstance in which the branching rule is best
not used is the case of small anastomoses on a single fracture (Figure
7B).

In most caves these are confined to bedding plane partings, but

they may form on any low- to medium-dipping fractures . Anastomoses tend

Figure 7. Some exceptions to the branching rule . (A) Short closed loops on a single fracture,
here a high-dipping joint, may often be treated as a single structural segment. For reasons, see
text . (B) Anastomoscs that are confined to a single fracture and that do not intersect other flow
paths may be treated as a single structural segment as long as there is a principal conduit that
transported ground water from a discrete, identifiable input to a similar output.
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to branch off larger principal tubes during early stages of development.

Usually they

the host fractures .

die

out as

tapering

distributary

tubes

into

They may also rejoin the main tube, closing loops

only a short distance away, thereby creating a distinctive braided or
anastomotic pattern (Ewers,

1966, 1972) .

Generally

it is most useful

to treat the entire set of anastomoses as a single structural segment .
This assumes that none of the branching tubes connects to separate flow
paths .

It

principal

also assumes
tube

that

that there

is a

distinct,

discharged its ground water

usually
to

central

discrete

and

identifiable conduits downstream.
Mined Segments and Another Exception
to
the Branching Rule

Ground water flows from one structural segment to another in a
region o f
where

transfer .

Most such regions are initially small

fractures intersect.

In

fact,

the

small

regions

are

regions
usually

sufficiently small that they are adequately described as the endpoints
that they have been called .

However, some regions of transfer of

ground water to or from structural segments are not small regions of
fracture

intersection .

Instead, they

are

regions

in

which

short

segments of conduits have formed by a process of dissolutional mining .
In dissolutional mining, bedrock that lacks fractures is intersected,
or a pre-existing conduit is bored into . Dissolutional mining may also
link

intergranular

pores

in highly

porous

rocks

to

form

mined

28

segments.

Such a process has been proposed by Ford and Ewers (1978,

p . 1791) to account for bypass tubes ("groundwater shortcuts developed
above the downward apices of phreatic loops") that lack associated
guiding fractures . Dissolutional mining of intergranular pores to form
mined segments is likely to have been important in the development of
flow paths in some tropical caves formed in Tertiary or younger
limestones that were uplifted before diagenesis could reduce primary
'porosity to low values (see Ford and Ewers, 1978, p . 1796) . There is
little

doubt

that dissolutional mining was also important in the

linking of flow paths in the highly burrowed honeycomb zones of
the Cretaceous limestones of the Edwards aquifer in central Texas (see
Abbott, 1975).
Mined segments tend to be short . Some mined segments form during
early

stages

of

flow,

before

fracture

conduits

have

developed

integrated through-flow . That is, some mined segments form while blind
fissures are enlarging, before the fissures have integrated to form
fracture conduits.

This may occur when ground water is carving an

initial route through a given parcel of limestone .

At such times

ground water confined within fractures may be forced to dissolve
non-fractured bedrock bridges between fractures in order to continue
the development and linkage of an early flow system . Other mined
segments form later, after the development of cavernous porosity, when
flow of ground water within conduits in massive rocks is no longer
highly concordant to fractures due to the enlargement of the conduits .
For example, some canyons have mined segments . The mined segments form
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where vadose streams have removed unfractured bedrock floors and then
intersected

joints

that

were

enlarged

to

pirate

ground water

to

lower levels (Figure 8).
Figure 8 requires some discussion because it illustrates several
theoretical and practical problems that arise when using the concept of
mined segments in segment analysis . The figure, and the analysis of
it, are hypothetical, but they are based on common sequences of growth
for

canyons

in

caves in

the

eastern

United

States,

particularly

West Virginia .
Figure 8A shows the profile of a passage consisting of an upper
canyon, a headwardly eroding shaft, and a lower canyon . There are
three segments .

Bed segment 1-2 is developed on bed parting B l ; joint

segment 2-3 is developed on a vertical joint ; and bed segment 3-4 is
guided by bed parting B2 .

In the bedrock surrounding this passage

there is only one other fracture, a joint labeled J . The joint extends
from bed parting B2 vertically upward toward the upper canyon, but does
not connect into the upper canyon .

The passage is assumed to be

enlarging in the vadose zone by entrenchment effected by a free-surface
stream.
As the stream erodes the floor of the upper canyon, it eventually
encounters the joint .

Although most of the flow continues past the

joint, further lowering the floor of the upper canyon and contributing
This

to headward erosion, some of the water enlarges

the joint .

process eventually leads to the abandonment of the

shaft as a new amaller shaft forms along the upstream joint.thusanewjoigmt

smaller shaft forms along the upstream joint. Thus a new joint segment,

Figure 8 . Profile midline diagrams illustrating the development of mined segments (MS) and the
problems that arise in designating them . For explanation, sec text .
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joint segment 5-6 (Figure 8B), is formed .

At the base of the new

shaft, flow is then along bed parting B2 as bed segment 6-7 .
ing

downstream,

formerly

active

the

water flows

shaft,

into

the

between positions

passage below
2

and

s.

Continuthe

This

first,
process

leaves two regions of dissolutionally removed bedrock where no fractures exist .

One is above joint segment 5-6 ; the other is immediately

downstream of bed segment 6-7 .

These two regions of dissolutionally

removed bedrock clearly contain the mined segments .

However, we must

now decide how mined segments are to be designated, and how the
branching rule is to be applied .
At this point it should be remembered that structural segments are
characterized in terms of integrated flow from specifiable inputs to
specifiable outputs as guided by fractures .

It should also be remem-

bered that the branching rule divides the cave into sections wherever
branching occurs within the zone of early flow for each flow path .

Of

course, a few exceptions are made to the branching rule for anastomoses,
fissures .

other

small

early

looping

This procedure keeps

helps simplify field procedures .

and

conduits,

the number

blind

of sections

pockets

small, and

Yet mined segments are characterized

in terms of dissolutional removal of bedrock lacking fractures .
presents a problem .

and

This

The dissolutional mining by entrenchment enlarges

the passage so that the passage branching no longer occurs within the
zone of early flow of the original flow path .
occurs some (usually short) distance away .

Instead, the branching

This leaves a gap along

which no ground water actually passes as through-flow from the original
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conduit into the new conduit (for the case of downstream branching) or
from the new conduit into the original conduit (for the case of
upstream branching) at the time of integration of the new conduit into
the flow system .
This can be seen in Figure 8B, where there are two gaps and two
mined segments .

The gap for the case of downstream branching is

between position la and position
branching is between 7 and

3_.

I

the gap for the case of upstream

For the sake of continuity of conduits

(but not flow) the upstream gap should be designated as mined segment
la-5, and the downstream gap as mined segment 7-3 . In the case of
mined segment la-5, ground water flowing along the canyon removed "x"
feet of bedrock by dissolutional mining, thus forming a mined region
extending from position 1_a at bed parting B1 downward to position

..

In the case of mined segment 7-3, ground water splashing down the shaft
and effecting headward retreat of the shaft removed "y" feet of bedrock
by dissolutional mining, thus forming a mined region extending from
position . to position 7
The theoretical significance of the problem lies in the fact that
the manner of branching does not fall strictly under the wording of the
branching rule .

That rule was stated so as to be applicable to

integrated fracture conduits .

Nonetheless, it is necessary to apply

some version of the principle of branching, which states that separate
flow paths need to be designated separately.

The practical signif-

icance of the problem is as follows. If one designates a position la •
adds an extra bed segment by dividing bed segment 1-2 into bed segments
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1-la

and

la-2,

and

then applies

the

branching rule,

one

is

then

committed to designating four sections as well . With such a procedure,
the four sections (A, B, C, and D) shown in Figure 8C would be designated .

However, to simplify descriptions, it is best to minimize the

number of sections designated, if at all possible . There is a way to
do this, as shown in Figure 8D . It is to designate only two sections:
section A as the original flow path, and section B as the diversion
flow path .

The rule can be stated this way :

where mined segments

begin or begin and end a flow path because of a diversion of flow, the
original

flow

path

is not

divided

into separate

sections

by

the

branching rule .
While this procedure may seem an unnecessary complication, it
actually makes the description of flow paths and the explication of
flow path history much less complicated than they otherwise would be,
particularly when discussing the evidence involved .

It

objected

the

that

this

procedure

violates

the

spirit

of

might

be

previous

requirement that segments and sections first be designated before
interpreting flow path history . It should be remembered, however, that
the designation of such mined segments as those of Figure 8A is already
an interpretation of flow path history, and one presumably based on
careful evaluation of the evidence. Thus it does not seem too out of
place to simplify matters by designating fewer sections along the
original flow path where mined segments begin a section of structural
segments that developed due to a flow path diversion.
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Nonetheless, one
segments .

The

must

evidence

exercise

for their

caution

origin

is

in

inferring

mined

easily destroyed .

Only

where remnants of mined segments retain a small size, lack fracture
traces on bedrock perimeters, display orientations discordant
fracture

attitudes,

and

fit

well

into

the

interpretation

to local
of

flow

path history, can one infer their presence with much confidence .
Criteria for Inferring Structural Segments

mParsiveybcodntkwhIlfracueqnis,promet
fracture traces on the bedrock perimeters of tubes, canyons, or shafts
are likely to represent the continuations of the fractures that guided
early flow paths .

This statement should be true if the following

primary conditions hold :
(1) enlargement has not created, through unloading, exfoliation,
or other processes, new fractures that could be mistaken for the
initially transmissive ones ; and
(2) enlargement is neither so extensive nor so directed as to have
(a)

totally

destroyed

the

initially

transmissive

fractures,

or

(b)

removed them from view .
To
necessary

ascertain whether these conditions have been met, it is
to

assess

the

structural

setting.

The

most
important characteristics of the fractures for interpreting speleogenesis are

fracture geometry, size, spacing, and the relations of fractures to
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bedrock . It is also necessary to evaluate the types of cavern development

that

have

occurred

and

the

processes

contributing

to

that

development .
Figures 9-11

illustrate three ways problems can arise when the

primary conditions are violated, and prominent fracture traces do not
represent
which

the transmissive

fractures . Figure 9

processes of enlargement create

mistaken

for

original

the

one

structural

that

setting

was
has

ation during conduit growth.

new

initially
been

illustrates

fractures

that

transmissive .

modified

a

case

in

could

be

Here,

locally

by

the

exfoli-

Figure 9A shows the (correctly) inferred

early cross section of a tectonic joint-guided segment on a hypothetical reach.
created

Figure 9B shows the same reach after exfoliation has

pressure-release

joints. Processes

of

dissolution,

abrasion,

and sediment transport have removed most of the breakdown . Figure 9C
shows the same reach at a later stage, when a geologist enters to
identify structural segments .
structural

setting)

that

He knows (from his assessment of the

tectonic

joints

as well

as

pressure-release

joints are to be expected . Locally, the tectonic joints are closely
spaced, and may be confused with pressure-release joints . It takes
careful

observations

of

fracture

characteristics (orientation,

geom-

etry), and breakdown characteristics (shape and size) to determine
whether tectonic joints or pressure-release joints or both are (or
were) present, and to infer the correct structural segments . Here the
geologist
joint .

finds

exfoliation

fractures

and

at

least

one

tectonic

Thus, the problem reduces to an assessment of the geologic
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Figure 9. Violation, by the creation of new fractures, of a primary
(A) through (C) are
condition for inferring structural segments.
hypothetical cross sections of a conduit that enlarged partly by
exfoliation . (C) is the modern passage that grew through an intermediate stage (B) from the original tectonic joint segment (A) . In (C) the
pressure-release fractures could be used mistakenly to designate a zone
segment of closely-spaced tectonic joints if the structural setting
were incorrectly interpreted .

37

Figure 10 . Violation of a primary condition for inferring structural
Here enlargement has been so
segments in a hypothetical canyon .
the
initially
transmissive
joint.
extensive as to totally
destroy
bedding
plane
partings
neither
of
the
prominently
exposed
Consequently,
(B1, B2) of the modern canyon of (F) represent the structural segment.
(A) shows the joint (J) and the bed partings before any flow . (B)
shows the joint segment . (C), (D), and (E) show intermediate stages in
the development of the canyon .
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Figure 11 .
Violation, by removal of the initially transmissive
fracture from view, of a primary condition for inferring structural
segments . (A) shows the cross section of a bed segment that enlarged
by paragenesis in stages (B), (C), (D),
and (E) to form a
(hypothetical) canyon filled with sediments . (F) shows the cross
section of the canyon when entered by the geologist . See text .
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evidence

favoring

fracture) joint

an

attribution

segment,

or

(2)

of
a

early

zone

missing) closely-spaced tectonic joints .

flow

segment

to

(1)

a

consisting

(singleof

(now

Were the geologist unaware of

the correct identification of most of the joints as exfoliation joints,
he

might

erroneously

cite

them

as

evidence

for

a

zone

segment

consisting of tectonic joints that were closely spaced .
Figure 10 illustrates a case in which enlargement has been so
extensive

as

to

totally destroy the

initially

transmissive

fracture .

Figure 1OF shows the hypothetical cross section of a large canyon .
Bedding is massive, and only two bedding plane partings are exposed .
No joints are present .

However, a joint was initially 'present (Figure

l0A), and the earliest conduit was a joint segment (Figure lOB) . The
joint segment

enlarged

stages, Figure IOC-l0E) .

gradually

in

all directions

(intermediate

Based on the modern cross section (Figure

IOF), it would be easy to mistakenly infer a bed segment along B 1 or
B2 .

The geologist searching for structural segments in the canyon of

Figure IOF therefore would have to rely upon additional information in
order to infer a joint segment .

He might note (see criteria below)

that the reach represented by the cross section was oriented subparallel to a prominent joint set, and that evidence on nearby reaches
favored growth in all directions from initially transmissive fractures,
rather than growth upward (by paragenesis) or downward (by entrenchment) .
Figure 11 illustrates a case in which enlargement has been so
directed as to remove the initially transmissive fracture from view
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(without

actually

destroying

it) .

Figure

11

shows

the

hypothetical

cross section of several stages in the growth of a canyon formed by
paragenesis .

Paragenesis (Renault, 1968 ; Ford and Ewers, 1978 ; Ewers,

1985) is the upward growth of a canyon or a tube . Figure 1IA shows the
initial tube on a bedding plane parting . Figure IIB-IIE depicts the
gradual growth, which is directed upward by an accumulating column of
clastic sediments.

Figure 1IF shows the canyon after a drop in base

level has allowed a free-surface stream to remove much of the sedi ment.

The geologist sees a canyon with a prominent bedding plane

parting on the ceiling, and extensive sediment banks . He must use
available evidence (such as hydrologic setting, sediment characterdissolutional features on walls or along fractures)

istics,

to deter-

mine whether the canyon originally formed by entrenchment, paragenesis,
or by some other process .
cavern

If he incorrectly interprets the type of

development as one of entrenchment, he might incorrectly

designate the upper bed parting of Figure 11 as the initially transmissive fracture .
Figures 9-11 suggest that one should be careful in inferring
structural segments .

Structural segments should not be inferred unless

the structural setting is itself appropriate .

(For example, fractures

should not be so closely spaced [compared to the size of the conduits]
that one mostly designates zone segments by default, rather

than

fractures guided early flows .)

Nor

actually

infers

which

of

the

should structural segments be inferred without an adequate understanding

of

the

processes

that

enlarged the

passages of a given
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geohydrologic setting .
The passages chosen for segment analysis in Snedegar Cave are in
massive beds of the Union Limestone of the Mississippian Greenbrier
Group .

The structural setting, though complex (see Chapter 3), is

generally conducive to segment analysis .

The passages consist of a

few small tubes, several shafts, and over 1000 feet of canyons whose
history renders them suitable for segment analysis . This development
is characterized by a long history of vadose entrenchment . The canyons
are relatively small . There has been minimal collapse . There are few
speleothems or other chemical sediments, and clastic sediments are not
so

extensive

as

to

unduly

complicate

geomorphic

interpretations .

Similar histories and geologic conditions occur in many of the passages
suitable for segment analysis that are in the other caves listed in
Table 1 .

To simplify the analysis and to prepare for later analyses of

development in Snedegar Cave, the remaining statements of the criteria
for inferring structural segments are explained in terms most applicable to Snedegar Cave .

However, it will readily be seen that the

criteria are applicable in other caves as well .
The Elevations of Features of Entrenchment:
Their Significance

The canyons of Snedegar Cave initially grew as tubes or fissures
to maximum sizes of about 10 ft 2 cross-sectional area before the onset
of entrenchment.

Small enlargements of the early conduits appear as

half tubes or fissures on canyon ceilings (Figures 12, 13) . The half
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Figure 12. Typical cross section of a canyon enlarged from a tube in
the investigated passages in Snedegar Cave. The early structural
segments were tubes or fissures (see Figure 13) developed on a variety
of fractures . This example shows the ceiling remnants of a bed segment
formed on bed parting X (BX). The remnants include a half tube,
anastomoses, and a dissolutional re-entrant.
The early tubes and
fissures were enlarged under conditions of closed-conduit flow . Later
enlargement was by free-surface streams . The streams cut downward, or
laterally and downward, producing features of entrenchment such as
notches (N), undercuts, sinuous cross sections, and potholes . In many
places there are also surfaces of widening (large, laterally extensive
undercuts) below which passage width greatly increases . Many reaches
thus consist of an upper half tube or fissure, a middle narrow region
(narrow trench), and a lower wide region (wide trench) .
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Figure 13. Typical cross section of a canyon enlarged below an early
fissure in Snedegar Cave. Joint J1 is exposed in the ceiling of the
fissure. A vadose notch is at the base of the fissure, forming the top
of the narrow trench . Bed parting BZ and joint J2 lack dissolutional
re-entrants or anastomoses and lie at lower elevations in the walls of
the narrow trench . These features indicate that joint J1 guided the
structural segment .
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tubes and fissures were preserved because almost all of the dissolution
following the early tubular stage was directed downward, or laterally
and downward, by free-surface streams .

Such enlargement produced

canyons that are narrow in their upper parts, but which are wider lower
down .

In many places there are abrupt changes in conduit width along

surfaces 4f_ widening that separate the upper narrow regions from the
lower wider regions .
upper

narrow

regions

In such circumstances it is useful to label the
narrow, trenches

and

the

lower

regions wide

trenches, even though the narrow trenches now lack floors . In both
narrow and wide trenches there are often

undercuts

and

notches;

Undercuts and notches are produced by a combination of lateral
undercutting and downcutting of trench walls .

These features are

illustrated in Figures 12-14, and in Chapter 5 . They contribute to
the development of bedrock channel meanders that translate laterally
and downstream, producing sinuous cross sections (Figure 14) .
No attempt will be made to provide a complete account of entrenchment

here ;

for

those unfamiliar with the processes and features

characteristic of entrenchment in limestone caves, a more complete
account is given in Chapter 5 .

It is sufficient here to indicate the

manner in which features of entrenchment can be used as criteria for
inferring structural segments.
Because entrenchment operates downward, the highest elevation of
any features of entrenchment at a point along the length of a passage
indicates the lowest position possible for initiation of flow at that
point

(assuming the simplest case of a single phase of entrenchment) .
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Figure 14 . Entrenched canyon in Snedegar Cave.
trench (NT) is slightly sinuous .

The upper narrow
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Some features of entrenchment that form early in downcutting may be
destroyed

during

later

enlargement .

Therefore,

in

practice,

the

features begin at slightly lower elevations on passage walls than the
elevations of the midlines of the original structural segments .
To infer structural segments using features of entrenchment, the
following procedure is employed . First, features of entrenchment are
located and their distributions are recorded on profiles of passages .
Second, the highest features of entrenchment are identified for each
reach of passage . Finally, the nearest higher appropriate fractures or
fracture intercepts are located, surveyed, and considered as candidates
for structural segments. In Figure 12, a canyon cross section, the
nearest fracture above the highest shown feature of entrenchment (a
notch at N) is bed parting X . Bed parting X thus becomes the most
appropriate candidate for a structural segment, subject, of course, to
other criteria.

In Figure 13 the nearest fracture above the highest

shown feature of entrenchment (a notch) is joint J1 . Joint JI thus
becomes the most appropriate candidate for the structural segment .
Examples showing the distribution of notches and other features of
entrenchment on profiles of passages are deferred until Chapter 5 .
Appropriate Concordance
The narrow trenches in Snedegar Cave are readily accessible from
the wider trenches below . In most places the narrow trenches are only
1 to 2 feet wide, so it is generally possible to climb through them
to inspect the remnants of the early conduits on passage ceilings . The
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remnants of the early conduits closely follow the changing orientations
of

fractures exposed on their walls or ceilings . Such alignment

represents the single most important criterion for inferring structural
segments, that of appropriate concordance .
Appropriate concordance is the requirement that the passage---or
appropriate parts of it as determined from evaluation of the types of
enlargement that have occurred---be concordant to the appropriate
fracture, line of fracture intercepts, or zone of fractures . Concordance here means "aligned along ." It does not mean "parallel to" and
it is not equivalent to "having the same orientation as," even if
parallelism and similarity in orientation are at times useful empirical
measures of concordance . Of course, it is true that many transmissive
fractures are roughly planar, and are adequately described by a single
attitude by specifying strike and dip. Yet many transmissive fractures
are not adequately so described . In any case, fracture conduits can
have any attitudes along their lengths that are allowed by the changing
attitudes of their host fractures .

Consequently, concordance is a

property most readily evaluated where conduits (or appropriate parts of
conduits) remain small, as do the half tubes and fissures preserved on
the

ceilings of the study passages .

In such cases it is usually

sufficient to seek visual confirmation of the concordance of fracture
traces (or their projections into space) with the changing orientations
of the half tubes and fissures.
The remnants of the early conduits are not only concordant to
fractures exposed on their

walls or ceilings, they also exhibit great
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continuity

in form and

fractures .

Such

size for

features

have

each

of guiding fracture or

type

simplified

the

task

of

inferring

structural segments, which may be followed as slightly enlarged and
nearly

continuous ceiling paleo-channels

little difficulty.

through

many

passages with

However, in some cases more than one fracture trace

appears on the ceiling or walls of the early conduits, and it is not
immediately clear which fracture trace represents a structural segment.

Moreover, in some places processes of dissolutional enlargement,

collapse,

or

sedimentation

have

ceiling half tubes or fissures .
needed

that

(1)

tell

us,

where

disrupted

the

of

continuity

the

Consequently, additional criteria are
possible,

which

of

prominent

the

fractures or fracture intercepts were transmissive, and (2) allow us
to reliably infer structural segments across apparent gaps . Three more
such criteria are presented below .
The Significance of the Direction of Tube Growth for Inferring
Structural Segments
Anastomoses, and other small tubular conduits associated with lowdipping fractures, grow upward during enlargement from the earliest
fracture conduits .

This

upward growth

is

due

to

the

protection

afforded by insoluble residues, which coat conduit floors and lower
walls and protect them from solution (Ewers, 1966) . Therefore, the
initial

flows

through anastomoses or their remnants

(half

tubes,

pendants) in canyons are to be sought at the bases of the anastomoses
on

the

nearest appropriate fractures .

In

Figure

12,

the

fracture
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nearest to the bases of the anastomoses and tubular remnants is bed
parting X .

Bed parting X thus becomes the most probable candidate for

a structural segment, subject again, to other criteria .
The Significance of Secondary Tubes or Other Dissolutional
Features for Inferring Structural Segments
Where the principal tube of a flow path has enlarged sufficiently
to

intersect

higher

a

bed

parting

several interpretative possibilities .

or
The

other
first

fracture,
is

that

there
the

arise

principal

tube grew and intersected a transmissive fracture that was part of a
different flow path, or perhaps of a transmissive zone (Figure 15A115A3) .
there

The second is that the intersection was fortuituous, and that
was

no

transmissivity along the intersected fracture (Figure

If anastomoses appear on the higher fracture, then there

15B1-15B3) .

may well have been several flow paths that merged through growth, as in
Figure

15A.

If,

however,

the

higher

fracture

lacks

anastomoses,

solution pockets, or other signs of dissolutional enlargement, as shown
in Figure

15B, then no matter how prominent the fracture, it is

unlikely that it served as a flow path . Probably it has merely been
intersected during conduit growth . A similar argument can be made for
almost any fracture intersected by other conduit types during their
growth

if that

fracture

lacks

appropriate

features of dissolution .

What counts as appropriate features of dissolution must be determined
for the specific geohydrologic setting by studying such features as
dissolutional re-entrants, blind pockets, joint spurs, and anastomoses .
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Figure 15. Cross sections illustrating the significance of secondary
tubes or other dissolutional features in inferring structural segments . (A) depicts the growth of a principal tube from an early stage
(1) to a final stage (3) before the onset of entrenchment . In (3) the
principal tube has secondary dissolutional features (anastomoses and
re-entrants) associated with it ; these occur on both the upper and
lower bed parting. They, and the general shape of the cross section,
suggest that independent flow paths (on separate bed partings) merged
through growth . In contrast, (B) depicts the growth of a principal
tube that developed from the lower bed parting (1) and only randomly
intersected the upper bed parting as it grew through an intermediate
stage (2) to the final stage (3). In (B, 3) the principal tube has
anastomoses and a re-entrant, but these appear on the lower bed parting
only,
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Inferring Across Gaps : Target Segments and Their Orientations
Where

dissolutional processes or collapse of breakdown have

enlarged the passage surrounding the remnants of the early conduits,
there may be apparent gaps in the record of structural segments .
Commonly there will be an unmistakable upstream structural segment, an
unmistakable downstream structural segment, and an area in between
where it is not at first clear how development occurred . Yet in the
absence

of

dissolutional mining, some fracture or fractures must

have been used to cross that gap .

To solve the problem it helps to

first make sure that there are no hidden branching conduits (resulting,
for example, from collapse or clastic sedimentation) . Next, it helps
to make sure that one has identified the correct downstream structural
segment---the target segment---by checking for morphologic indicators
of

flow direction

Lauritzen, 1981).
appropriate

(such as scallop asymmetry ;

see

Curl,

1972 ;

One then carefully searches for any trace of an

intervening

fracture .

The

intervening

fracture

may

be easier to find than one may at first think . It may, for example, be
readily located as a fracture trace on a block of breakdown that was
not at first suspected to contain useful information . Alternately, if
the previously transmissive fracture has been totally destroyed or is
otherwise impossible to locate, then the orientation of the presumed
gap should be compared with known fracture attitudes.
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The Criteria Applied : A Hypothetical Example Illustrating
the Method of Segment Analysis
The method of segment analysis is outlined in Table 2 . The
remainder of this chapter analyzes a hypothetical canyon . The purposes
of
for

the analysis
inferring

are

to:

structural

(1)

aid

interpretation

segments; (2)

illustrate

of
the

the

criteria

procedure

by

which segments are inferred and flow-path history is analyzed ; and (3)
introduce some additional concepts that are useful in studying flow
paths .

Although

the

analysis

is

rather

complex,

it

actually

is

abbreviated, and represents a simplification of the problems liable to
be encountered in studying real caves .

It is worth noting that the

outline of the method in Table 2 is a minimal outline . Any application
of the method will require the use of additional standard geologic
techniques---for example, techniques used to study structural features
or lithology .
Geologic Reconnaissance
Assuming that a favorable passage has already been chosen for
analysis, step, 1_ is one of geologic reconnaissance .

Its purpose is to

determine the lithologic, structural, hydrologic, and general passage
settings, as well as to get a rough idea of the characteristics and
locations of structural segments and the conduits enlarged from them .
In fact, much time and effort can be saved in later steps by first
constructing a lithologic column and by becoming familiar with the
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TABLE 2
AN OUTLINE OF THE METHOD OF SEGMENT ANALYSIS
Step 1 .

Geologic reconnaissance.

Step 2.

Preparation of a detailed base map . The map
should have a plan, a profile, and cross sections .

Step 3 .

Mapping of relevant lithologic and structural
features .

Step 4 .

Inference of structural segments.

Task 1 .

Designation of branching conduits and
sections of passages and segments .

Task 2 .

Inference of structural segments using
detailed observations of morphologic
features, fractures, and the inference
criteria.

Step 5 .

Interpretation of the history of development
of the flow paths.

Task 1 .

Preparation of the midline diagrams .

Task 2.

Identification of the earliest flow paths .

Task 3 .

Determination of the sequence of development
and integration of later flow paths .

Task 4 .

Evaluation of all available-morphologic,
hydrologic, lithologic, structural,
sedimentologic, and other evidence . The
evidence is used to prepare maps (with plans,
profiles, and cross sections) and block
diagrams that illustrate and help explain the
evolution of the passages .
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fractures exposed on conduit perimeters .

Preparation of a Detailed Base Map
Stev 2, is the preparation of a detailed base map . The base map
consists of a plan with numerous cross sections and an extended
profile .

The extended profile is usually drawn down the middle of the

passage.

Survey stations must be closely spaced, no farther apart than

the

midline

lengths of structural segments .

In

most

cases

it

is

necessary to place stations directly on or underneath segment endpoints.

This

increases the accuracy of later structural maps and

flow-path maps that are needed to interpret the development of the
passages.

In

practice,

such

placement

of

stations

is

tedious .

Because that placement is not always possible, stations are best placed
on

bedrock projections on walls or floors as near as possible to

segment endpoints .

It is best to place permanent, but conservation-

minded stations, and to draw only a rough line plot of the survey at
the beginning of the study . The survey data are then reduced and line
plots

are

constructed at a suitable scale on graph paper before

returning to the cave to prepare accurate plans, profiles, and cross
sections .

If,

as

in

the

investigated

passages

of

Snedegar

Cave,

extreme accuracy is required for the vertical component of the survey,
then a leveling survey using a U-tube manometer or other device
(Palmer,

1970) should be carried out before drawing the profile .

Again, it is helpful to place permanent stations for later use, because
interpretation of the development of the passages may require careful
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measurements

of

structures, and

the

elevations

passage

of

morphologic

floor, and sediment elevations.

lithologic
features,

contacts,
as

well

geologic

as

ceiling,

Step 2 results in a base map showing

passage outlines to which further information easily may be added . A
sample base map for the hypothetical canyon appears in Figure 16 .
Mapping of Relevant Lithologic and Structural Features
In step, ,
. the base map is used to plot relevant lithologic and
structural

features.

Traces

of

lithologic

contacts,

fractures,

and

other features are drawn on the plans, cross sections, and profiles .
The result of step 3 is a geologic base map similar to the one drawn
for

the hypothetical canyon in Figure 17 .

bedrock

is

assumed

to

be

uniformly

(For present purposes,

soluble

and

sedimentologic

information is not needed, so only fractures are plotted .)
Inference of Structural Segments
The geologic base map is next used in the inference of structural
segments

(Step

4).

The

inference

procedure

has

several

parts .

Task, 1_ is to locate any branching conduits or branching paleo-conduits
and to designate sections of flow paths .
In the hypothetical canyon (Figure 18), branching occurs in two
places.

There is an upstream branchpoint (BPI in Figure 18) and a

downstream branchpoint (BP2) .

The reach of passage upstream of

branchpoint I contains the structural segments that will be designated
as belonging to section A .

For convenience, the term "section A" can

PROFILE

Figure 16. Base map of the hypothetical canyon. The survey base line is shown with solid lines
drawn between triangles ; the triangles represent survey stations . The base line is shown on both
the plan and the profile. Several stations exactly overlying one another are shown on the profile,
but not the plan . Base lines from a leveling survey are shown on the profile with dashed lines
drawn between circles; the circles represent permanent stations . Changes in the elevation of the
base lines are shown by vertical dashed lines . The leveling base lines are shown only on the
profile, but station locations are shown on both the profile and the plan .

Figure 17 . Geologic map of the hypothetical canyon . Traces of relevant bed partings and joints
have been plotted on the plan, profile, and the cross s ections .
B I = bed parting 1 . B2 = bed
parting 2 . J = joint.

Figure 18 . Branchpoints and the sections of the hypothetical canyon .
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be

applied either

to

the

structural

segments,

or

to

the

reach

of

passage containing them. At branchpoint 1 the passage divides into two
conduits on two levels .
section B .

The upper conduit contains the segments of

The lower conduit contains the segments of section C .

Downstream of branchpoint 2 are the segments of section D .
Task Z of the inference procedure is to take detailed notes on the
morphologic features of the reach enlarged from each suspected structural segment and to attempt to follow paleo-flow paths from fracture
to fracture using the inference criteria .

As segments are identified,

their endpoints are plotted as position names on the map . A table of
structural segments, is- constructed .

A

sample table for the hypo-

thetical canyon appears in Table 3; Figure 19 shows the resulting map
of

structural segments.

The

kind of

reasoning used in inferring

structural segments from the passage features (Table 3) may be
appreciated by reasoning through the following explanations with the
aid of Table 3 and Figures 17 and 19 .
Between positions 1_ and 2_ there is a sinuous half tube accompanied
by numerous minor anastomoses near the ceiling . The half tube has
smooth, rounded walls, as do the anastomoses . The cross section shows
that entrenchment was also sinuous, and vadose notches begin near the
tops of the meanders .

A prominent bed parting, labeled B2 in Figure

19, is exposed near the ceiling.
concordant to B2 .

The half tube and anastomoses are

No other fracture traces are present near the

ceiling or the half tube . However, an inclined joint is exposed in
the lower part of the canyon . The inclined joint appears to have been
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TABLE 3
STRUCTURAL SEGMENTS AND THE MAIN MORPHOLOGIC FEATURES
OF THE HYPOTHETICAL CANYON (SEE FIGURE 19)
Seament

Features

B

1-2

(1) At the ceiling is a smooth-walled, sinuous half tube .
The half tube is concordant to B2 .
(2) Anastomoses are present along B2, and are absent from
other fractures .
(3) Vadose notches are present only below B2, and dip gently
downstream, to the left in Figure 19 .
(4) Sinuous meanders propagate laterally and downstream in
the narrow trench (see Chapter 5) .
(5) The inclined joint is discordant to the ceiling half tube
and to the reach of passage in which it is exposed . The
inclined joint lacks dissolutional features such as
re-entrant spurs, and is exposed only within the narrow
trench .

J

2-3

(1) The ceiling is a smooth-walled joint fissure .
The
fissure descends below B2, then rises back to B2 at
position .
(2) The ceiling and walls of the half tube of segment 1-2 are
continuous into the ceiling and walls of the joint
fissure .
(3) The joint fissure and the passage as a whole are roughly
parallel on the plan .
(4) Vadose notches from segment 1-2 die out against the
descending ceiling fissure . (This is not depicted in
Figure 19 ; for examples, see Chapter 5 .)
(5) Vadose notches from segment 2-3 on the rising part of the
joint segment descend gently downstream.
They pass
continuously across the passage of segments 3-4, 4-5,
5-6, 6-9, and 9-10.

B

3-4

BJ 4-5

(1) Features are similar to those of bed segment
However, there is no joint in the narrow trench .

1-2 .

(1) The trend of 'the plan of the passage changes abruptly to
parallel that of a vertical joint.
(2) A smooth-walled joint fissure rises above B2 and lacks
vadose notches. Notches begin just below B2.
See
comment (5) under segment 2-3 .
(3) There are no anastomoses or prominent half tubes on B2 .
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TABLE 3
(CONTINUED)
Segment

Features

B 5-6
(1) Features are similar to those of bed segment 1-2 .
there is no joint in the narrow trench .

However,

J 5-6
(1) This conduit begins section B . The conduit begins upstream
at iZ as a tube, but rapidly becomes a half tube
as it rises along a joint fissure . Both the tube and the
half tube have smooth walls .
(2) The cross-sectional area of the half tube between . and 7
is about the same as that of the half tube of bed segment
5-6, but is greater than the area of the half tube of
segment 6-9 .
(3) The tube/half tube combination rises to bed parting B 1 at
the ceiling . There the walls and ceiling of the half
tube pass continuously and smoothly into the smoothwalled ceiling half tube of bed-joint segment 7-8 .
BJ

7-8

(1) A smooth-walled joint fissure extends a few inches above
the half tube ; the half tube is concordant to B 1 between
7 and
(2) The cross-sectional area of the half tube plus the area
of the joint fissure sum to about the same area as that
the half tube of joint segment 6-7 .
(3) BI has anastomoses on it . The anastomoses are not shown
on the plan, which is of the lower part of the main
canyon.
(4) Below B 1 the walls have notches that extend continuously
across the passage of segment 7-8, descending gently from
joint segment 6-7 to joint segment 8-9 . (See Chapter 5 .)

(1) A smooth-walled joint fissure descends from . to Q. At
its top is a half tube that is concordant to the joint,
but lower down the fissure becomes a tube near Q.
(2) The cross-sectional area of the half tube of joint segment
8-9 is about the same as that of joint segment 6-7 and that of bed-joint
segment 7-8 .

J

8-9

B 9-10
(1) Features are similar to those of bed segment 1-2 .
there is no joint in the narrow lower trench .

However,
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TABLE 3
(CONTINUED)
Segment

Features

BJ 6-9

(1) There is a half tube concordant to the intersection of B2
and a joint.
(2) No anastomoses are present on B2 .
(3) The cross sectional area of the half tube is slightly
smaller than that of the half tube of bed segment 5-6, or
that of bed segment 9-10 .
(4) Notches begin just below the bed-joint intersection .
They extend continuously across to the narrow trench of
the passage of segments 3-4, 4-5, and 5-6 of section A in
an upstream direction ; and extend across to the narrow
trench of the passage of segment 9-10 of section D .

Figure 19. Structural segments of the hypothetical canyon . Sec text . The following segments are
indicated : Section A : 1-2 = B ; 2-3 = J, 3-4 = B; 4-5 = BJ ; 5-6 = B ; Section B : 6-7 = J ; 7-8 = BJ ;
8-9 = J ; Section C : 6-9 = BJ ; Section D: 9-10 = B .
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exposed only as a result of vadose entrenchment, has an orientation
discordant to the orientations of the appropriate parts of the passage,
and

lacks

dissolutional

pockets

re-entrants.

or

It

is

therefore

unlikely that the inclined joint transmitted ground water during early
stages of flow .

The only remaining candidate (bed parting B2) is thus

chosen, and segment 1-2 is inferred to have been a bed segment
developed on B2 .
Assuming continuity of flow, segment 1-2 must have discharged its
ground water to an intersecting fracture in a downstream direction . At
position 2 bed parting B2 intersects a prominent joint exposed in the
ceiling .

The ceiling drops along this joint to a low point,

back to bed parting B2 at position

2.

then rises

The cross section along this

reach shows the remains of a fissure-like ceiling re-entrant .
standing in the canyon and looking upstream at position

By

2 it is

possible to see that the bed-guided half tube of segment 1-2 has walls
whose surfaces passs smoothly and continuously into those of the joint
fissure.

By standing below position

or position 4 and looking up at

the ceiling, it is possible to see that the same types of morphologic
features occur from 3 to 4_ at the ceiling and just below it on the
upper walls, as occur along bed segment 1-2 .
conclusion that there is a bed segment 3-4 .
position

This leads to the
It also

means that

3 must be a target position for a segment from position

2_ to position 2

The only likely candidate for the guiding fracture is

the ceiling joint, given the above morphologic information . Also, the
passage as a whole (as well as the relevant remnants of paleo-conduits
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on the ceiling) has an orientation roughly concordant to that of the
joint.

Hence joint segment 2-3 is inferred .
As previously noted, segment 3-4 is a bed segment . Downstream of

position 4 the passage changes its plan trend abruptly to parallel a
joint .

Along this joint the ceiling rises (see profile, Figure 19) but

then falls back to the level of B2 at position 6. No notches appear on
the sides of the fissure created by this joint . Instead, fissure walls
are smooth and lack scallops . However, notches do appear on the walls
immediately below bed parting B2 . Hence early flow could not have been
on the extension of the joint below B2 . No anastomoses appear on B2
where it is exposed on the walls a short distance laterally from the
central ceiling joint fissure .

This

observation suggests that it is

unlikely that flow was along B2 away from the joint fissure (which
would then be interpreted as a blind joint fissure enlarged during
later growth) .

The remaining possible locations for early flow are (a)

along the joint above B2, or (b) along the intersection of the joint
and bed parting B2 .
probable .
its

The latter interpretation appears to be the most

Had primary flow been along the joint only, somewhat above

intersection with

B2,

then

entrenchment

would

likely

have

left notches in the joint fissure, rather than the smooth, rounded
walls characteristic of the remnants of segments 1-2, 2-3, and 3-4 .
This conclusion is strengthened by the morphologic features observed
downstream within the closed loop, as explained below .
Immediately upstream of the closed loop is a reach of canyon from
position 6 to position 6_.

This reach has the same relevant morphologic

66

features (Table 3, Figure 19) as bed segments 1-2 and 3-4 .
inferred that there is a bed segment 5-6 .

Thus it is

Similar observations and

conclusions apply to the reach immediately downstream of the closed
loop ; that reach has bed segment 9-10 .

Bed segment 9-10 will now be

seen to form a target point at position Q for both halves of the closed
loop, the segments of section B and section C (Figures 18 and 19) .
The passage of section B is a small canyon with a tube at each
end .

Scallops indicate flow from position 6_ toward position Q .

The

passage begins at the upstream end as a tube rising from position
The tube rapidly changes into a half tube .
smooth ceiling and smooth walls .
joint.

6.

The half tube has

The half tube is concordant to

The half tube rises along this joint to position 7 .

Between aa7

and $ there is a smooth-walled half tube concordant to the intersection
of B1 and the joint .

Anastomoses are present on BI, and a narrow

fissure along the joint rises barely above the half tube on B1 .

The

joint fissure lacks vadose notches . However, in the canyon between 7
and $ there are notches on passage walls below the elevation of B l .
From position $,, the passage descends as a half tube that turns into a
tube ; this tube is concordant to the joint, and has a smooth ceiling
and walls .

From these observations, it is clear that section B has

joint segment 6-7 at its upstream end, and joint segment 8-9 at its
downstream end .

There also is a bed-joint segment between 7_ and $ .

On section C, in the main canyon between position 6 and position
Q, there is a half tube concordant to the intersection of bed parting
B2 and the same joint used in section B .

The half tube is smaller in
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cross-sectional
segment 9-10 .
notches;

area than

the half

tube of bed

segment 5-6 or bed

Immediately below the bed-joint intersection there are

the notches extend continuously through the canyon from the

passage of section A to section C to section D . From these observations

it

is clear

segment 6-9 .

that section C consists of a bed-joint segment,

It is also clear that some explanation must be devised to

account for the presence of a loop in the flow path . This explanation
must account for the variations in cross-sectional area of the early
conduits, as well as all other morphologic features, particularly the
features of entrenchment (vadose notches) within section B in the upper
part of the closed loop .
Interpretation of the Development of the Flow Paths
After the structural segments have been inferred, the map of
structural segments is used in

step

5

the

interpretation of

the

development of the flow paths. The procedures used in this step vary
according to the lithologic, structural, and hydrologic settings, and
according to the local cavern features .

Only a few of the possible

procedures useful in interpreting the growth of canyons from the early
structural segments can be illustrated here .
Task 1 of step 5 is to prepare midline diagrams of the structural
segments .

To do this it is necessary to measure the midline lengths of

the structural segments .

The elevations of most, if not all of the

segment endpoints must be accurately determined, preferably from
measurements based on the previously set permanent stations along the

68

leveling

base

These

line.

data are then

used

to

construct

midline

diagrams with both plan and profile views ; examples are given for the
hypothetical canyon in Figure 20A and 20B .

Where flow paths and

structural segments form complex patterns, it may also be necessary to
construct oblique-view midline diagrams (Figure 20C) .
Task 2_ of step 5 is to identify the earliest flow paths through
the sections.

This task is closely related to the third task, and is

often carried out at the same time ; task

. is to determine the sequence

of development and integration of the later flow paths . Both tasks
require

careful

analysis

of

the

characteristics

of

remnants

or

enlargements of early conduits, and of the developmental patterns of
entrenched canyons below them. In many settings the most important
characteristics to consider are the shapes and sizes of the remnants of
early

conduits, and the continuity or lack of continuity of the

remnants from one section to another .
In the hypothetical canyon (Figure 19), anastomoses are present on
bed segments or bed-joint segments in sections A, B, and D, but not in
section C (Table 3) .
position 5 to position

The remnant half tube on bed parting B2 (from
. of section A) is larger than the remnant half

tube guided by the bed-joint intersection from

C

to 9_ of section C.

The remnant half tube on B2 (in section D from 9 to 1Q) is larger than
the one of section C, but not quite as large as the one ending section
A from 3_ to k.

Finally, the ceiling and upper walls of the half tube

ending section A appear to pass continuously upward into the remnant
joint conduit 6-7 of section B (Table 3) .

All of these observations
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Figure 20 . Midline diagrams of the hypothetical canyon .
See Figure
19 . These diagrams contain much useful information, for they indicate
the three-dimensional pattern of the early conduits .
The pattern
constrains the ways in which enlargement to cavernous size can occur,
depending on the lithologic and hydrologic settings and changes in the
latter . The information in the midline diagrams can be used, along
with morphologic observations of the remnants of the early conduits and
of the trenches, to infer stages in the development of the passages .
(A) Plan. (B) Profile. (C) Block diagram.
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can be explained with the following interpretation, which assumes that
lithologic factors do not differentially affect conduit size in the
hypothetical canyon .

(There, lithology is assumed to be uniform .)

First, there was an early flow path from section A to section B to
section D .

Second, flow within section B was diverted to a lower

level to form the route of section C .

In particular, this explains the

basic continuity in form and size of the remnant conduits and associated anastomoses from section A to section B to section D . The fact
that the section C remnant is smaller makes sense because it should
have had less time to grow by upward dissolution before the onset of
entrenchment. The lack of anastomoses on bed-joint segment 6-9 is also
suggestive of a change in flow conditions, and supports the concept of
section C being a diversion route .
The continuity in form and size of remnants of early conduits are
not the only important features to consider in interpreting the history
of development of passages .

The continuity of features of entrench-

ment, particularly vadose notches, may also provide evidence useful in
deciphering which sections transmitted ground water during which stages
of cavern development .
For example, in the hypothetical canyon, notches are continuous
across (and dip gently from) section A to section C to section D (see
Table 3).

This indicates that at some time, vadose flow was continuous

across these sections .

The notches probably formed at floor level or

only a few inches above floor level, for that stage of development .
Yet these are not the only notches present,

for notches are also
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present at a higher level in section B, where they are isolated from
the lower notches.
evidence

that

The presence of the upper notches in section B is

entrenchment

began

relatively

early, before

flow

was

diverted from section B downward to section C.
With these kinds of observations in mind, it is now possible to
turn to task 4_ of step 5 .
all

In this final task, the midline diagrams and

available evidence are evaluated and used to prepare plans,

profiles, and block diagrams that illustrate the evolution of the
passages.

The explanations that accompany these maps then become the

basic interpretations of the influences of the various geohydrologic
parameters on the early development, integration,

and enlargement of

the passages, assuming sufficient evidence is available . The explanations may also guide further research by suggesting empirical measures
that could be used to test the interpretations .
The evolution of the hypothetical canyon is illustrated in Figures
21

and 22 and analyzed below .

The analysis concentrates on the

evolution of the passage in profile view ; no attempt is made to
illustrate or analyze changes in the plan .
From the previous evidence, the most likely initial flow path is
from section A to section B to section D .

This gives an initial

midline profile as drawn in Figure 21A and Figure 22A . The profile
shows that ground water looped in the vertical plane .

That is, ground

water descended below the levels of downstream midline positions before
returning to those or higher elevations farther downstream .
to

in

created two

lower looms .

This

Each consists of a reach of conduit

Figure 21 . Evolution of the extended profile of the hypothetical
canyon. See Figures 19, 20, 22 . For explanation, see text .
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Figure 22 . Evolution of the hypothetical canyon . (A) Block diagram of
initial midline flow path, corresponding to the segments shown in
Figure 21A . For explanation of symbols, see Figure 19. (B) The stage
I tubes. The exaggerated tapering tubes on bed segments represent
This diagram corresponds to Figure 21C, where the
anastomoses.
presence of ground water is indicated by solid black . The black is
omitted here so as to emphasize (by shading) the shapes of the early
tubes and fissures as they appeared during stage I, before the onset of
entrenchment.
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Figure 22 (continued) . (C) The conduit at the onset of entrenchment
(stage II) . A high point at 7 is the downstream end of a lengthy
pressure loop (PL) that is interrupted by an air bell (AB). Upstream
of the pressure loop and downstream of 7 are regions of entrenchment
(RE). A small waterfall (WF) is near 7 . This corresponds to Figure
21D. (D) The conduits after a small amount of entrenchment . Entrenchment has lowered the previous high point below the level of 7 . This
lowering has resulted in the break up of the original pressure loop
into two pressure loops that are separated by a region of entrenchment .
Enlargement has begun along a bed-joint intersection on B2
between 6_ and Q . This corresponds to Figure 21E.
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Figure 22 (continued).
(E)
The conduits at a later time of stage
II.
Piracy from section B (SB) into section C (SC) has removed the
downstream pressure loop, and entrenchment has begun in section C .
This corresponds to Figure 21F. A pressure loop (PL) remains upstream
and below . (F) The conduits after the last pressure loop has been
eliminated, but before the onset of wider entrenchment . This corresponds to Figure 21G .
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determined by a downstream hi
all

other

points

within

the

point, whose elevation is higher than
lower

upstream within the lower loop .

loop

except

the

farthest

point

Each lower loop has a low point

at its lowest elevation. The two loops share a common low point, but
the high points are at different locations . The lower loop that is
farthest upstream (to the right in Figure 21) is

nested

within the

other lower loop, which has a greater length and vertical relief.
For any interval of time in which a lower loop is completely
filled with flowing water, it may be described as a

pressure

loon .

The presence of the lower loops within the flow path shows that the
flow path is ungraded.

A graded flow path, is one with a slope that is

relatively uniform and that is consistent in a downstream direction .
(This definition is modified from the definition of a graded profile
given by Palmer, 1972, p . 101 .) Most likely the flow path of Figure 21
would have formed under phreatic conditions . However, Palmer (1972,
1975) has shown that floodwater flow paths are also often ungraded .
For this reason the use of the term phreatic loop by Ford (1968, 1971)
and Ford and Ewers (1978) is here eschewed . Instead, the term pressure
loop is used for the general case of looping flow paths .
For the hypothetical canyon it is simplest to specify an initial
phreatic flow path .

The development of that flow path before the

onset of entrenchment is stage I development .

During stage I (Figure

21C) the fracture conduits grow into a network of tubes and fissures .
Figure 21C uses solid black to represent ground water under conditions
of closed-conduit flow .

The conduit outlines of Figure 21C represent
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the tubes and fissures that were enlarged from the earliest fracture
conduits.

These

tubes

and

fissures

are

represented

in

the

fully-

developed hypothetical canyon as remnant half tubes and fissures on
passage

ceilings

(see

cross

sections,

Figure

19).

Figure

22B

also

shows stage I development.
For present purposes, it is not necessary to consider the processes by which fractures are selected to become structural segments .
Similarly,

because

there

are

no

independent

tributaries

to

the

hypothetical canyon, it is not necessary to consider how, why, or when
tributaries developed .

However, such considerations are expected to

play a role in the analysis of real passages .
In the hypothetical canyon,

stage

lI begins with the onset of

vadose conditions. Without further information about the geohydrologic
setting and the character of the upstream and downstream continuations
of the canyon, it would not be possible to analyze the mechanism(s)
which led to this change in flow conditions . Here it is best to assume
that discharge decreased to a value at which flow was continuous,, but
was

not sufficient to maintain pipe-full conditions throughout the

flow path .

It is also assumed that such hydrologic conditions were

maintained while the narrow, upper parts of the canyon were entrenched
to an approximately constant conduit width, as shown by the cross
sections

of

Figure

19 .

Following

this

period,

discharge

then

increased, allowing wider trenches to form .
Figure 21D shows what the flow path would have looked like after
the onset of entrenchment in stage II . (In Figure 2lD-21G, solid black
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represents ponded ground water .)
Figure 22C .

The same stage

is also shown in

The downstream high point at position 7_ is the top of a

bedrock dam which creates a lengthy pressure loop . The pressure loop
is interrupted by an

it bell, a region filled with air at the ceiling

of the ponded passage .

(The air bell forms because the elevation of

the high point at 7 is lower than the top of the blind fissure that is
enlarged on the joint above bed-joint segment 4-5 . The air enters as
a vortex of air bubbles, [see Boegli, 1981] .) Upstream of the pressure
loop the stream entrenches the floor of the bed conduit on bed parting
B2.

Downstream of the loop, the stream entrenches section B and

section D . There is a small waterfall where ground water splashes down
from section B to section D . In summary, Figure 21D shows two regions
of

entrenchment

conditions .

separated

by

a

region

of

continued

"phreatic"

Because any entrenchment on section B lowers the height of

the bedrock dam, the system is a dynamic one . Changes in the height of
the bedrock dam are reflected immediately in a decrease in the height
of the pressure loop .
Figure 21E and Figure 22D show the flow path at a slightly later
time .

Several features stand out .

First, entrenchment on section B

has lowered the height of the dam sufficiently so as to pass slightly
below the level of the height for the second, previously nested lower
loop.

This means that vadose entrenchment has now begun there as

well, so there are two pressure loops separated by an air bell and a
region of entrenchment .

Second, dissolution within the downstream

pressure loop has begun to enlarge bed parting B2 between positions 6_
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and Q.

Some dissolution along B2 has also occurred near position Q as

a result of splashing of ground water from the waterfall . It is clear
that

diversion of

ground water from section B to section C is

imminent . The diversion occurs because section C forms (as bed segment
6-9) and enlarges fast enough to capture the available discharge before
entrenchment can cut entirely through the bedrock bridge that separates
section B from section C .
Figure 21F and Figure 22E show the canyon shortly after piracy .
The piracy has eliminated the downstream pressure loop . Entrenchment
is under way between positions 3 and 10.
floor below position
pressure loop .
retreat

The height of the bedrock

3 now determines the level of the remaining

Entrenchment occurs by downcutting and headward

downstream of the pressure loop .

The

floor

is

gradually

lowered and the pressure loop is eliminated (Figure 21G and Figure
About this time, discharge increases, perhaps due to increased

22F).

ground-water

infiltration

brought

about

by

increased

size

of

the

drainage basin, or changes in climatic conditions. Widening occurs as
the floor is further lowered, leading to the formation of the modern
profile (Figures 21H, 19) .

Conclusion
Segment

analysis

identifies

structural

segments

using

(1)

inference criteria and (2) rules that divide conduits into segments,
sections, and flow paths .
studied.

The structural segments are mapped and

By applying an understanding of the processes by which the
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rphologic features
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interpret
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PART 2
SEGMENT ANALYSIS IN THE NORTH CANYON
OF
SNEDEGAR CAVE,
FRIARS HOLE CAVE SYSTEM

CHAPTER 3
THE GEOHYDROLOGIC SETTING

Introduction
Snedegar Cave is in Friars Hole Cave system at Friars Hole, West
Virginia (Figure 23) .

The system formed in carbonate rocks of the

Mississippian Greenbrier Group, which crops out extensively in the
Valley and Ridge and Allegheny Plateau physiographic provinces in
eastern West Virginia .

Plate I (rear pocket) shows the surface geology

of the Friars Hole and surrounding regions west of the Greenbrier
River and north of Spring Creek .

The system lies mostly under the

Lobelia and Friars Hole valleys to the west of Droop and Brushy
mountains, where streams flowing off Pennsylvanian clastic rocks sink
in the upper units of the Greenbrier Group . Major springs that drain
the Greenbrier carbonates are east of Droop Mountain on Locust Creek
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Figure 23 . Location of the Friars Hole area .

83

and south of Droop Mountain on Spring Creek .
Snedegar Cave is near the middle of Friars Hole Cave system (Plate
2) on Friars Hole Cave Preserve.

A description of Friars Hole Cave

Preserve and its caves is given by Jameson and Mothes (1983) .

Previous Work at Friars Hole
Friars Hole Cave system has a current (September, 1985) mapped
length of over 43 miles and a depth of about 580 feet .

A brief

description of the geography of the system is in Medville (1981) .
The system has six separately named caves with nine entrances (Plate
2).

Although several of these caves have been known since before the

Civil War, when saltpetre was mined in Snedegar Cave (Faust, 1959),
serious mapping and exploration did not begin in the Friars Hole region
until the late 1940's .
Davies (1949).

The first map of Snedegar Cave appeared in

In the late 1950's and in the 1960's attention was

directed to Snedegar, Crookshank, and Friars Hole caves, resulting in
several early connections that linked the former two caves into a
single system.

It was not until the 1970's that large numbers of

sinkholes were excavated and the majority of pits open to the surface
were entered. With the discovery of Canadian Hole (Coward, 1973) and
Rubber Chicken Cave (Medville, 1977) the stage was set for the exploration, mapping, and connection of the caves into the present system .
Details of the history of exploration and mapping are in Medville
(1979) and Baker et al . (1982). This work has been accomplished by a
loose coterie of cavers from several cave clubs in the eastern United
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States, Canada, and Great Britain; the group is informally known as the
Droop Mountain Cave Club .
The plan and profile of Friars Hole Cave system (Plate 2) show a
complex network with numerous interconnecting levels . The speleogenesis of the system is similarly complex . Recent research, in fact,
suggests that Friars Hole Cave system has undergone a multi-stage
history with shifting ground-water inputs and complex reorganizations
of several sets of flow systems (Worthington, 1984) .
Early work on the modern flow paths through dye tracing was
carried out by Zotter (1963, 1965) and Coward (1975) . Wolfe (1964) and
White and Schmidt (1966) described and interpreted the hydrologic
setting and many of the details of ground-water flow . Their work has
been partly dated by the more recent discoveries of passages and
interconnections between caves, as well as by more recent dye tracing
by Williams and Jones (1983) and Jones (1983) . The latter workers have
shown that the bulk of the recharge to Friars Hole Cave system flows
south to resurge at JJ Spring on Spring Creek (Plate 1) .
Medville (1981) gives a generalized description of the modern flow
paths of the system .

Medville disagrees with early contentions by

White and Schmidt (1966) and Coward (1975) that there was once a single
master conduit underdraining the Friars Hole region from sinkpoints of
Hills and Bruffey creeks (north of the presently mapped parts of the
system,

in the Lobelia valley ; see Plate 1) .

Instead, Medville (1981,

p. 413) states, "No evidence exists for there ever having been a single
conduit carrying one master stream through the entire length of the
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system.
length

Rather, it appears that numerous streams, sinking over the
of

an

11

km

limestone outcrop,

long

have

resulted

in

the

development of several separate caves which have subsequently been
integrated into a single long system ."
Worthington (1983, 1984) resurrects the contentions of the single
active flow path of White and Schmidt (1966) and Coward (1975) .

He

uses them in modified form as the major premise for an interpretation
of north-to-south flow of ground water and concomitant passage development below a series of progressively lowering piezometric surfaces .
Worthington (1984) argues that the oldest flow path is more than 4
million years old, and that most of the cave is more than 730,000 years
old, based on radiometric and palcomagnetic dating of speleothems and
other evidence .
Other studies in the Friars Hole region include that of Wolf e
(1973),

who

studied

effects

of

clastic

subsurface flow in the Greenbrier karst .

sediments

on

surface

and

Jameson (1979, 1980, 1981,

1983) investigated breakdown in fault zones, exfoliation breakdown, and
the

growth

of

passages

on

fault

segments .

studies were carried out in Snedegar Cave .

Parts

of

these

latter

Kempe and Jameson (1983)

studied the geochemistry of the Friars Hole Cave trunk stream at low
discharge .
The Topographic and Hydrologic Settings of Snedegar Cave
Figure 24 shows the topographic setting of Friars Hole Cave
system .

Most of the system is immediately west of

Brushy

and Droop

Figure 24. The topographic setting of Friars Hole Cave system . Elevations are in feet . The
contours have been modified from the 1 :62,500 Lobelia, West Virginia quadrangle (U.S.G .S, 1935).
Dark lines show the main passages in Friars Hole cave system from Medville (1981) .
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mountains, underneath the Friars Hole and Lobelia valleys . Brushy and
Droop mountains form a ridge that trends soutwest to northeast and that
merges to the north into a major upland of the Allegheny Plateau .
Northwest of the middle of the system is Jacox Knob, an erosional
outlier of the upland . The southeast flank of Jacox Knob is drained by
intermittent streams that flow into Cove Run . Cove Run trends southeast toward Droop Mountain as a perennial stream .

Its streambed

terminates surficially at the Swallet entrance (one of the two "North
entrances") to the North Canyon of Snedegar Cave, thus forming the
downstream surface terminus of the Cove Run drainage basin .
The Cove Run basin (Plate 1, Figure 25) has an area of about 1 .3
mil .

Its relief is about 1435 feet .

Shales and sandstones of the

Mississippian Mauch Chunk Group form a caprock over the Greenbrier
carbonates and cover nearly the entire basin .
into

the

main cavernous units

This limits recharge

(the Greenbrier Group below the

Greenville Shale) to a narrow band of limestone exposed along the
bed of Cove Run near Snedegar Cave, and to Snedegar Cave itself via the
Swallet entrance .

Table 4 gives generalized descriptions of the strata

of the dove Run basin and the Friars Hole and surrounding regions.
Snedegar Cave is beneath a hill south of the sinkpoint of Cove
Run.

A simplified plan of the cave, showing its position beneath the

hill, is ;given in Figure 26 . A slightly more detailed plan of most of
the cave is in Figure 27 . The plan of Figure 27 is keyed with numbers
i
to descriptions of several of the main passages (see below) and to
profiles of several passages in Plate 3 .

Figure 25 . The Cove Run basin and stream profiles . Cove Run sinks in the Swallet entrance to the
North Canyon .
SS = Snedegar Saltpetrc entrance .
DE = Dry entrance to the Saltpetre Maze.
S E = Staircase entrance . W = White House col . CP = Crookshank pit . X = top of Cove Run basin .
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TABLE 4
STRATA OF THE FRIARS HOLE REGION'

Strata,

Lithologv

PENNSYLVANIAN SYSTEM
Pottsville Group
Kanawha Formation

sandstone, shale, coal

New River Formation

sandstone, shale, coal

Pocahontas Formation

sandstone, shale, coal

MISSISSIPPIAN SYSTEM
Mauch Chunk Group
Bluestone Formation

shale, sandstone

Princeton Formation

sandstone

Hinton Formation"

shale, sandstone

Bluefield Formation"

shale, sandstone, limestone

Droop sandstone
Ada shale
Reynolds limestone
Bickett shale
Webster Springs sandstone
Glenray limestone
Lilydale shale
Greenbrier Group
Alderson Formation"

limestone, shale

Greenville Formation"

shale

Union Formation"

limestone

Pickaway Formation

limestone

Taggard Formation

limestone, shale

Denmar Formation

limestone, shale

(Patton Formation)
(Sinks Grove Formation)

00

limestone, shale
limestone

Hillsdale Formation

limestone

Maccrady Formation

shale

After Price (1929); Price and Heck (1939) ; and Wells (1950) .
Exposed on the surface in the Cove Run basin.
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After
Figure 26.
The topographic setting of Snedegar Cave .
unpublished surveys by the Droop Mountain Cave Club and the
U.S.G.S. (1977) Droop 7 1/2 minutes quadrangle .
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Figure 27 . Plan of Snedegar Cave . Based on unpublished surveys by the
Droop Mountain Cave Club, compiled by Doug Medville, Robert Thrun, and
Robert Gulden. Segment analyses were undertaken in those parts of the
North Canyon, the Headwall Passage, and the Saltpetre Maze Passage that
are shown as unshaded outlines .
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The North Canyon is the primary active passage supplying surface
water to Snedegar Cave.

However, the North Canyon is gradually

becoming abandoned as a result of upstream piracy of the Cove Run
stream .

During floods the stream flows through the entire North

Canyon, the Amphitheater Room, and the Downstream Trunk Continuation en
route to the Snedegar Sump . The stream then joins an inlet stream from
the Snedegar Staircase entrance, and passes into Crookshank Cave en
route to a sump in the Drought Way (Medville, 1981 ; Mothes, 1981) .
Floods of sufficient discharge to pass through the Snedegar sump occur
perhaps three to seven times per year and last one to about five days
per

flood .

At

lower

stages

the

stream

disappears

into occluded

fractures in the floor of the North Canyon near the Amphitheater Room,
or into occluded fractures and small fissures in the floor at several
places near the Swallet entrance . At yet lower stages, usually during
the summer or fall, the stream sinks several hundred feet upstream of
the cave .

Medville (personal communication, 1980) has traced this

water during a summer drought to Monster Cavern of Canadian Hole using
fluorescein dye .

Monster Cavern is underneath the Cove Run valley a

few hundred yards upstream of the Swallet entrance . The destinations
of the water from the various sinkpoints within the North Canyon are
not known.

The water probably joins the Monster Cavern water

upstream of Monster Falls.
At the Swallet entrance (Figures 25, 26) Cove Run is entrenched
about 26 feet below a low saddle ; the saddle is barely distinguishable
above the floor of a gently sloping blind valley . The valley floor
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lies at

2425-2440

toward

Droop

Mountain .

feet above sea level .

Mountain,

then

turns

The valley trends southeast
southwest

parallel

to

Droop

The valley is narrow and has a number of shallow sinkholes

along its sides and at its abrupt southern end . At the southern end
the valley rises at the saddle to
(Figure

25),

2509

as surveyed by Worthington

feet on the White House col

(1984) .

To the northwest of the Swallet entrance is a short blind valley .
The valley rises about 22 feet to the top of a surface debris cone .
The debris cone is below a surface headwall . Below the debris cone and
slightly west of it are the Headwall Room and the Headwall Passage
(Figures 26, 27) .
Figure 26 shows the relationships of these valleys and the present
course of the Cove Run stream to passages in Snedegar Cave . Most of
the passages terminate in an upstream direction against the edges of
the

valleys,

either

as

entrances

(Saltpetre

entrance,

Staircase

entrance, Dry entrance to the Saltpetre Maze, Swallet entrance), or in
sediment fills.

The sediments consist of rounded or flat boulders and

cobbles set in matrices of muds and sands . A few passages also contain
finer, saltpetre-bearing muds. Most of the cobbles and boulders (some
as large as 6 by 6 by 2 feet) are ripple-marked Webster Springs
sandstone of the Bluefield Formation of the Mauch Chunk Group (Table
4).

Such

clasts

occur

throughout

Snedegar

Cave,

generally

as

imbricated fluvial deposits .
The above surface and subsurface features suggest a genetic
relationship between Cove Run and Snedegar Cave, in which Cove Run has
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been diverted underground at a variety of places . The precise nature
of this relationship, however, is not clear, and further consideration
of the topic must await results of the segment analyses .
The Investigated Passages
The passages chosen for segment analysis are in the North Canyon,
the Saltpetre Maze, and the Headwall Passage . These passages are shown
in a simplified version in Figure 27 .

A more detailed map of the

studied passages, complete with profiles and cross sections, is given
in Plate 4 .
The North Canyon, the Headwall Passage, and the Saltpetre Maze
Passage were chosen for segment analysis because they are readily
accessible passages that fulfill the basic requirements for segment
analysis (pp. 9-10, 34-41) .
structural setting .

The passages are developed in a complex

They contain remarkably well-preserved morph-

ologic features that can be interpreted to yield a surprising amount of
information about the early development, integration, and enlargement
of several related flow paths.
It should be stressed that only parts of these passages were
analyzed in detail. The selected parts were chosen because preliminary
study indicated that their histories were so closely related that no
parts could be omitted without serious distortion ; however, to have
extended the analysis to other parts of these passages would have
greatly lengthened and complicated the study . The original intention
was to

study

the

entire

North

Canyon

and

all important related
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passages .

Toward this end, a detailed map was made of the North

Canyon, the Headwall Passage, parts of the Saltpetre Maze, and several
other passages. The map was prepared at a scale of 1 :240 with a Suunto
compass and clinometer, and a fiberglass tape . Stations were placed no
farther apart than 30 feet .

A

U-tube manometer leveling survey

(Palmer, 1970) was also extended through the passages . This gave a
data base of several hundred survey stations with elevations determined
to the nearest 0.01 feet.

The survey data were then used to locate

positions

of

and

elevations

fractures,

contacts

between

lithologic

units, and other features, both in the parts of the passages chosen for
segment analysis, and in the other mapped passages .
Figure 28 is a schematic block diagram of the North Canyon, the
Headwall

Passage,

the

Saltpetre

Maze

Passage,

and

several

other

associated conduits .

Figure 28 shows that the passages consist of a

series

tubes,

of

canyons,

shafts, paleoshafts, fissures, and rooms .

Segment analyses were carried out in the North Canyon from the entrance
chamber downstream through Canyon 1 to position 51 in Canyon 2 ; in
Canyon B of the Headwall Passage ; in the tribes, fissures, and shafts
connecting the North Canyon to the Headwall Passage ; and in the
Saltpetre Maze Passage .

In

the following pages, brief descriptions

of the passages of Figures 27 and 28 are presented . These descriptions
set the stage for lithologic and structural information

(pp . 111-135) ;

they also set the stage for the segment analyses and interpretations of
flow-path history of Chapters 4-6 .
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Passage Descriptions
(1) North Canyon,
1200 feet .

The North Canyon trunk has a length of about

It begins at the Swallet entrance and ends 100 feet lower

at the Amphitheater Room . The trunk consists of passage developed on
three levels. The upper level ranges from datum (Plate 4, profile P1)
on the ceiling at the Swallet entrance, to about -55 feet . The middle
level ranges from roughly -42 feet to -72 feet . The lower level ranges
from -72 feet to -100 feet.
The North Canyon trunk can be divided into five canyons and two
tubes

(Figure 28).

length .

Canyons comprise about 1100 feet of passage

The typical reach of canyon consists of a ceiling half tube or

fissure on top of a narrow, stream-cut trench ; below the narrow trench
is a wider trench that forms the lowest part of the passage . The two
tubes are low, wide conduits that account for only 100 feet of passage
length .
The continuity of the trunk is broken at intervals by a number of
intersecting ceiling tubes.
short closed loops .

Some of the tubes rejoin nearby, forming

Others lead upstream as tributaries or downstream

as connections into other passages. In this study, the most important
of the ceiling tubes are the ones that are on the upper passage level
and that are along Canyon I (Figure 28) .
Canyon 1 begins at the Swallet entrance .
upper passage level .
Second Paleoshaft .

It lies mostly on the

Its downstream terminus is at and below the

At the Second Paleoshaft, Canyon I is transitional
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into Canyon 2 on the middle passage level .
Canyon 2 extends a short distance downstream from the Second
Paleoshaft to an intersection with the Headwall Passage at the First
Paleoshaft .

Canyon 2 then continues downstream underneath the First

Paleoshaft and ends at the Fault Maze . Within the Fault Maze, Canyon 2
is transitional into Tube 1 .

Tube 1 is short ; it immediately inter-

sects the lower, wide trench of Canyon 3 .
Canyon 3 begins in the side passage of the Fault Maze and extends
downstream to a thrust fault (Plate 4) where it is transitional into
Canyon 4 .

Canyon 4 is developed along the strike of the thrust and is

transitional into Canyon 5 where the North Canyon trunk changes
orientation to descend along the dip of the thrust . Canyons 2, 3, and
4, and Tube 1 are on the middle passage level . Canyon 5 is transitional into and partly lies on the lower passage level . Canyon 5
passes into Tube 2 where the trunk changes orientation to become
parallel to the strike of the thrust fault .

Tube 2 extends only a

short distance downstream on the lower passage level to its connection
with the Amphitheater Room.

Along the east side of Tube 2 is a

sediment wall that separates Tube 2 from several muddy crawlways that
are usually plugged but which occasionally are washed open by floods .
They connect downstream into the Amphitheater at a slightly higher
elevation than does Tube 2 .

Occluded fractures or tubes within the

crawlways may lead elsewhere.
In the North Canyon there has been little collapse, except in part
of Canyon 2 where several large, wedge-shaped breakdown blocks are
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associated with thrust faults.

The collapse has not been so extensive,

however, as to preclude segment analysis .
The

floor

profile

is

highly

irregular. Irregularities

arise

In places, partic-

because of the patchy nature of sediment fills .

ularly on the middle passage level in Canyons 2, 3, 4, and 5, the floor
is bedrock .
sediments .

However, most of the trunk floor is formed by clastic
The

sediments average

3 to 6 feet

in

thickness where

thickness is measurable without excavation . At two places in Canyon 1
just

upstream of the Second Paleoshaft there are log jams with

sediments trapped on the upstream sides ; the one farthest downstream
has

trapped over 6 feet of sediment (Plate 4, profile PI) .

The

majority of the clasts consist of Webster Springs sandstone .
(2) Headwall Passage.

The Headwall Passage extends from the

Headwall Room to the First Paleoshaft where it connects into the North
Canyon (Figure 28) . Most of the Headwall Passage is developed within
the range of elevations of the upper passage level of the North
Canyon. However, parts of the Headwall Passage are transitional into
the top of the middle passage level, and parts are entirely within the
middle passage level .
Just downstream of the Headwall Room is a canyon filled nearly to
the ceiling with clastic sediments . This is canyon A ; it branches in
several places into small fissures or tubes that reconnect nearby or
that lead to side passages (Plate 4) .

One of the side passages drops

to a room at a lower level nearby to the north (Figure 27) . Another is
Fissure 1, which is plugged with sediments.
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The segment analysis of the Headwall Passage begins where Canyon A
branches into Fissure 1 and Canyon B . The analysis extends downstream
through the rest of the Headwall Passage to the First Paleoshaft, and
includes all of Canyon B and the nearby conduits labeled Shaft 3, Shaft
4, and Fissure 2 in Figure 28 or Plate 4.
Canyon B gradually increases in height downstream (Plate 4,
profile P3) .

Over most of its length, Canyon B has a ceiling half tube

or fissure below which there is a narrow trench . The trench gradually
widens downward .
of sands and muds .

The floor is covered by clastic sediments consisting
Several holes in the floor open into the tops of

Shaft 3 and Shaft 4 .

These shafts lead to fissures on the middle

passage level ; the fissures are considered to be part of the Headwall
Passage, as are the shafts .

Shaft 4 has been entrenched on its

upstream

is

side,

where

there

a

thick deposit

of

coarse

clastic

sediments .
Near the downstream end of Canyon B is an abrupt drop in the floor
into a room.

The room extends about 30 feet downstream to the First

Paleoshaft and the intersection with the trunk of the North Canyon . At
the upstream end of the room, directly below the top of the drop, is
Fissure 2 .

Fissure 2 extends upstream into the base of Shaft 3. It

then extends farther upstream into the base of Shaft 4, and into an
undercut part of the lower wide trench of Canyon 2 .
The Headwall Passage is mostly inactive, for it is perched well
above the level of Cove Run at the Swallet entrance . However, major
floods may be sufficient to fill part of it by backflooding from
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downstream constrictions . A small stream, with a maximum discharge of
a liter per minute, flows across part of Canyon A and disappears into a
side passage at a lower level to the north (Figure 27) .
(3) Saltpetre, Maze,

the Saltpetre Maze Passage,

tg~

The Saltpetre

Maze is not a true, genetic maze (see Palmer, 1975) but rather consists
of a series of branchwork passages .

The passages originate from a

number of inputs and are characterized by several stages of development .

No attempt will be made to describe the Saltpetre Maze in

detail.

However,

it

is

necessary

to

describe the

general

setting

before describing the Saltpetre Maze Passage .
Most of the passages of the Saltpetre Maze are canyons. There are
also several tubes, shafts, and collapse rooms . The canyons typically
have ceiling half tubes or fissures with narrow or gradually widening
trenches.
routes

Some

are

lateral

canyons

common .

undercutting.

In

also have wide trenches .
places,

The

large

most

prominent

undercutting are in the Block Room.
have

fine

pockets.

muds

that

partly

fill

blocks

have

Short diversion
collapsed after

examples

of

lateral

Upper passage levels typically

joint

spurs

and

blind

solution

Lower passage levels have floors covered with a variety of

clastic sediments, including imbricated fluvial deposits and fine muds
bearing saltpetre .

In places sediments are more than 15 feet thick .

Large logs are reported to have been used for leaching saltpetre during
the Civil War (Faust, 1959), but some logs and other organic debris
(near the Dry entrance to the maze) were likely transported into the
cave during major floods, such as that caused by hurricane Camile in
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1969 (Coward, 1975) .
Preliminary observations in the Saltpetre Maze suggested that some
of the ground water that formed the early conduits (as part of the
trunk of the North Canyon) came from the Saltpetre Maze Passage .

The

ground water followed a ceiling tube (the Sound Hole) that is too small
to be traversed .

The Sound Hole trends north from the Saltpetre Maze

Passage toward a similar small tube, the Rat Hole, in the ceiling of
Canyon 1 (Figure 28) . Neither of these tubes was entrenched .

To study

these tubes and relate them to the flow paths of the North Canyon
trunk, segment analyses were undertaken
Saltpetre

Maze.

The

"relevant

parts"

are

in

relevant parts of

collectively labeled

the
"the

Saltpetre Maze Passage ."
The Saltpetre Maze Passage is a canyon located a short distance
from the Dry entrance to the Saltpetre Maze (Figures 27, 28) .

The

canyon has ceiling half tubes and fissures . Most of it has a narrow
and

a

lateral

wide

trench .

undercutting,

Although
that

considerable

collapse

was

collapse

mostly

on

Thus segment analysis has not been impeded by collapse .

resulted

from

lower

walls .

However, the

Saltpetre Maze Passage is within a complex of canyons, tubes, and rooms
that formed on several levels .

These passages interconnect---in ways

too complex and too unrelated to the development of the North Canyon
trunk---to be worth fully describing here. Yet they are of direct
concern for an understanding of the development of the parts of
the Saltpetre Maze Passage that formed following the onset of entrenchment.

To study this later development would require an extensive
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re-mapping of much of the Saltpetre Maze .

It would also require an

extension of the segment analysis through several thousand additional
feet

of

passage.

Because

that

is

impractical,

and

would

greatly

lengthen this study, it is best to be content with a partial analysis
of the development of the Saltpetre Maze Passage . Toward that end, all
connecting side passages were ignored in studying the relationships
between the Saltpetre Maze Passage and the North Canyon . Consequently,
the Saltpetre Maze Passage has been depicted in a limited fashion in
Plate 4, Figure 28, and elsewhere in this thesis.

On Plate 4 the

Saltpetre Maze Passage has been left as a hanging survey without any
clear indication of the connections to other passages .

(However, a

rough idea of the complexity of the connections in this region is
indicated in Figures 27 and 28 .) The plan of Plate 4 shows only the
ceiling half tubes and fissures . The plan omits the walls of the lower
wide trenches of both the Saltpetre Maze Passage and the connecting
side passages .

The profile is more complete .

It depicts the floor and

the ceiling (Plate 4, profile P2) .
(4)

Salpetre Trunk .

The Saltpetre Trunk consists of several

canyons and rooms extending from the Saltpetre - entrance
Amphitheater Room (Figure 27) .

to

the

A profile of the Saltpetre Trunk

appears in Plate 3 .
Between the Saltpetre entrance and the First Bend is a short
canyon ;

the canyon has an upper narrow trench that gradually widens

downward .

A much larger canyon with a rectangular cross section

intersects the entrance canyon at the First Bend. To the east of the
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First Bend is a short canyon that is plugged by terminal breakdown,
clastic

sediments,

and

other

surface

debris .

Most

likely

these

sediments plug a former entrance .
To the north of the Second Bend, the large canyon widens into the
Saltpetre Room .

Several large passages intersect this room .

To the

east is a large, sediment-filled canyon . This canyon likely led to a
former sink point for the Cove Run stream (see Figure 26) . At the
start of this canyon is a sediment wall that was mined for saltpetre .
Several

piles

sediment wall .

of

used

saltpetre dirt and

test

pits

are

near

the

Elsewhere in the Saltpetre Room, especially near its

downstream (northwest) end, there is much large block breakdown .
Smaller breakdown covers the floor along the sides of the canyon
between the Second Bend and the Saltpetre Room ; the smaller breakdown
likely fell from heavily fractured parts of the upper walls . These
walls appear to have been fractured as a result of stress release
unloading or perhaps ice wedging (see pp. 140-147). Fragments of the
Webster Springs sandstone line the floor of the Saltpetre Room and much
of the Saltpetre Trunk. At the downstream end of the Saltpetre Room is
a canyon leading to the Block Room and to other passages of the
Saltpetre Maze.
From the Saltpetre Room, the Saltpetre Trunk descends a breakdown
slope into the Amphitheater (Plate 3) . Along the slope hidden against
the walls behind breakdown are several side passages leading to the
Saltpetre Maze .

Another hole leads into the Druid Passage, a series of

canyons and tubes that may lead to Canadian Hole .
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(5)

Amphitheater.

The ceiling of the Amphitheater, the largest

room in Snedegar Cave, is irregular because of collapse within a zone
of thrust faults .

Much of the floor is covered with large block

breakdown . At the north end of the room is the connection to the North
Canyon .

During floods, the stream from Cove Run discharges from the

North Canyon out Tube 2 and from another, slightly higher tube that is
often plugged with sediments . The stream then flows along the west
wall of the Amphitheater toward the Trunk Continuation at the southwest
end of the Amphitheater .

A distinct stream bed has imbricated rock

fragments deposited on and between breakdown . The highest part of the
Amphitheater in the southern end has several side passages developed
along thrust faults .

One major tube trends south toward the Quartz

Room, paralleling the fault zone .
(6)

Trunk

Continuation .

This passage trends south from the

Amphitheater, ending at the Cobble Crawls (Figure 27) . The Trunk
Continuation begins as a wide canyon, becomes a wider room with a low
ceiling, but then becomes a canyon farther downstream . It is roughly
parallel to the zone of thrust faults that trends south from the
Amphitheater . However, the Trunk Continuation lies mostly below and to
the west of the faults .

The floor is covered with imbricated clastics,

and there are several large sediment banks and terraces.
Along the east side of the Trunk Continuation are several side
passages .

These passages trend up the dips of the faults and lead to

the upper-level tubes connecting the Amphitheater with the Quartz
Room.
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South of the Quartz Room are several other passages that rise east
up the dips of the faults . These passages are so filled with sediments
that it

is

difficult

to

discern

their

relationships

to

the

faults.

Each passage leads to domes or breakdown terminations near but below
the wall of the valley that lies to the east of Snedegar Cave .
(7)

Quartz Room.

This pasage is a canyon (Figure 27, Plate 3) .

It can be followed east up the dip of a thrust fault to several domes
near the edge of the valley (Figure 26) . The name comes from the
quartz crystals lining slickensides of fault surfaces.
Regional Structure
Friars Hole is near the southern margin of the central Appalachian
fold and thrust belt .

That margin has been placed in central Monroe

County at the Covington lineament (Rodgers, 1970 ; Dean et
The

major

Appalachians

structures
are

Allegheny orogeny .

the

in the
result

sedimentary
of

cover

of

the

al. 1979) .
central

thin-skinned tectonics during

the

In this region, first order folds, major thrust

faults, and many smaller structures trend about N 30 0 E.

In contrast,

to the south of the Covington lineament in the southern Appalachians,
the major structures trend N 60 0 E.
Figure 29, a tectonic map of part of the central and southern
Appalachians, depicts the Webster Springs, Williamsburg, and Sinks
Grove tectonic blocks (Dean et al,., 1979).

The blocks are bounded to

the north and south by lineaments and by major folds to the east and
west.

The lineaments separate areas which are defined by varying fold
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Figure 29 . Tectonic map of part of
the central and southern Appalachian mountains in West Virginia
and Virginia . Modified from Dean
(1979) . FH = Friars Hole, at the black rectangle,
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intensities, fold frequencies, or trends of axial traces of folds .
The Friars Hole area is at the southern margin of the Webster
Springs block .

This block is characterized by a near absence of

intermediate map-scale surface structures . The Webster Springs block
is bounded on the east by the Browns Mountain anticline, on the south
by the Modoc lineament, and on the west by the Webster Springs anticline (Dean et al., 1979).
The Browns Mountain and Webster Springs anticlines are complex
folds created primarily by ramping and splay faulting from deep-seated
decollements.

Under the Browns Mountain anticline (Figure 30), ramps

rise from the middle Cambrian Waynesboro Formation to the middle
Ordovician Martinsburg Formation (Kulander and Dean, 1972) .
A detachment in the Martinsburg Formation extends west from the
Browns Mountain anticline underneath the Webster Springs block to the
Webster Springs anticline . The detachment ramps upsection to an upper
Silurian or middle-upper Devonian decollement. The detachment is under
the Modoc lineament and the Williamsburg block (Kulander and Dean,
1972; Dean ga g1., 1979).
The Modoc lineament (Figure 29) is a 3 to 7 mile-wide zone which
trends east across the regional structural trend of N 30° E . Dean q

al. (1979), who considered the zone to be somewhat illusory, defined
the zone by the terminations, changes in axial trends, or pronounced
surficial fault development in the Webster Springs, Williamsburg, and
Browns Mountain anticlines .

In western Greenbrier and Pocahontas

Counties, the northern boundary of the zone lies along trend variations

Figure 30. Structure section across the Brown's
Friars Hole . From Kulander and Dean (1972) .

Mountain

anticline, about

16 miles north of
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of

structural

Heck, 1939 ;

contours on
Price, 1929) .

the Pennsylvanian

Sewell Coal (Price and

Dean et gl_. (1979) did not

believe that

the Modoc zone resulted from transverse ramps or trend changes of
longitudinal ramps .

They suggested that the lineament is the boundary

between greater cover shortening in the Williamsburg block than in the
Webster Springs block.

Structural Setting of the Friars Hole Area

The Friars Hole area is about 10 miles northwest of the axial
trace

of

the

Browns

Mountain

anticline.

Through

much

of

the

intervening region (Plate 1) beds strike N 20 0 E and dip up to - 6
degrees to the northwest.
regional trend .

Many small folds are superposed on this

The folds have amplitudes of less than 30 feet and

occur at minor thrusts in the Greenbrier carbonates .

The folds are

detectable in the caves (often only by leveling surveys) but are rarely
detectable at the surface .
Along the western side of Brushy and Droop Mountains (Plate 1), a
zone of mesoscopic thrust faults is well exposed in Friars Hole Cave
system and numerous surface exposures. The geometry of the zone and
the outcrop pattern of the Greenbrier Group at Friars Hole point to the
existence of an anticline beneath Droop Mountain (Rose, 1978 ; Jameson,
1979;

Worthington, 1984) .

Using surface leveling, published sections

of the Greenbrier Group (Leonard, 1968 ; Heller, 1980), sections of the
Union and Pickaway Limestones

(Jameson,

unpublished),

and the

Pocahontas and Greenbrier County Reports (Price and Heck, 1939 ; Price,
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1929),

Worthington (1984) constructed a structural contour map for the

top of the Greenbrier Group . The map defines a low amplitude anticline
(underneath Droop Mountain) plunging south into the Modoc lineament .
It may be underlain by a major thrust fault cutting upsection from the
shales underneath the Greenbrier carbonates .
Union and Pickaway Limestones
Snedegar Cave is in the Union and Pickaway Limestones of the
Mississippian Greenbrier Group (Figures 31, 32) . These formations are
massive pure (in terms of CaCO 3) oosparites, biosparites, and micrites
interbedded with laminated to thin-bedded argillaceous micrites • and
dolomicrites .
Leonard (1969) studied the Union and Pickaway Limestones in
eastern West Virginia, including a core, from Sun Oil Company No . I at
the north end of Droop Mountain .

His X-ray diffraction patterns of

insoluble residues and petrographic analyses indicate that argillaceous
units

contain

illite, kaolinite,

montmorillonite,

chert,

pyrite,

feldspars, and quartz in silt- and sand-sized grains . Up to half of
the residue may be quartz .
kaolinite in

a

Half or more of the residue is illite and

2:1 to 3:1 ratio .

Except for locally abundant chert and

pyrite, other noncarbonate components in the argillaceous units are
present

in

negligible amounts . Argillaceous units typically contain

25% insoluble residues but may contain up to 60% . This contrasts with
values

of

less

than

5-10%

for

biosparites,

micrites . Hempel (1974) obtained similar results .

oosparites,

and

most

Figure 31 . Stratigraphic column of the Union Limestone . The column was measured in Snedegar Cave,
from the Swallet entrance through the North Canyon, Amphitheater, and Trunk Continuation to the
start of the Cobble Crawls .
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Figure 32 . Stratigraphic column of the Pickaway Limestone . The column was measured in Friars Hole
Cave, between the Pool Room and the end of Mauck's Discovery . The floor of the Pool Room is at the
top of unit C, which is also exposed at the top of Two Time Pit. In Snedegar Cave, the Pickaway
Limestone is exposed at the end of the Trunk Continuation and farther downstream . The column was
not measured in Snedegar cave because of difficulty in recognizing units and tracing them through
the cave; the difficulties are due to the locations of key exposures within areas of faulting,
exfoliation, collapse, or sumps .
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Argillaceous
Snedegar

units

of

the Union

Cave contain abundant clay

and

Pickaway

Limestones

minerals, as shown

by

in

X-ray

diffraction patterns of residues (Hobart King, personal communication)
and by staining of rock samples with malachite green hydrochloride
(Bouma, 1969) .

Clay minerals are parallel to laminae in the laminated

micrites and are evenly disseminated in the matrices of homogeneous
micrites and dolomicrites .

Clay minerals are also concentrated along

stylolites and stylolitic joints.
The passages chosen for segment analysis are in Union units D, E,
F, and G (Figure 33) .

Nearly all of the length of these passages is in

unit E (basal 9 inches), unit F, or unit G (the top 3 feet). Units D
and E are pure oosparites and biosparites . Unit F consists of pure
oosparites, biosparites,
G

and

biomicrites,

contains

with

homogeneous

lenses

clay-rich

of

clay-rich

micrites

and

biomicrites.

Unit

dolomicrites.

Locally, laminae are abundant and contain quartz silt,

pyrite, and hematitic pseudomorphs after pyrite (Hobart King, personal
communication, 1980) .
Bedding Plane Partings
In caves, the prominence of the exposure of fractures depends on
(1) fracture width, (2) dissolutional widening, and (3) the degree of
alteration of the texture,
adjacent

to

the

fractures .

color,
The

or composition of the material
prominence

of

fracture

exposure

therefore depends on a variety of factors . Lithologic factors include
rock composition and texture (Rauch, 1972, 1974) .

Structural factors

Figure 33 .
The position in the Union Limestone of the passages of Figure 28 . SE = Swallet
entrance . Cl, C2, C3, C4, C5 = Canyon 1, etc . T1, T2 = Tube 1, Tube 2 . Fl, F2 = Fissures l and
2.
P1, P2 = the First and Second Palcoshafts . S3, S4 = Shafts 3 and 4 .
HR = Headwall Room .
CA = Canyon A . CB = Canyon B . DER = Dry entrance room to the Saltpetre Maze . SMP = Saltpetrc
Maze Passage . Lithologic units and bed partings arc from Figure 31 .
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include

those

affecting

fracture

origin.

original

Structural

fracture

factors

also

width,
include

which
those

depend

on

affecting

the

secondary widening or deformation of fractures by erosional unloading
(Renault,

1967 ;

Boegli, 1981)

tectonic activity (Trimmel, 1968) .

or

Hydrologic factors include ground-water chemistry and flow rates within
the fractures.
Of 19 relevant bed partings in the Union Limestone (Figure 31),
only bed partings B1 and B8 are prominent throughout their exposures in
Snedegar Cave.
dissolutional

The prominence of their exposures is augmented by

re-entrants,

blind

pockets,

and

anastomoses. B 1

is

important because it supplied ground water to several early tributaries
to the Saltpetre Maze Passage (see p . 274) .

BI is exposed only at

the Swallet entrance on the surface headwall (Plate 4, profile P1) and
nearby in the Saltpetre Maze.
In contrast, B8 is widely exposed in Snedegar Cave . It can be
traced from the Saltpetre entrance down the Saltpetre Trunk to the end
of the Saltpetre Room, where the Saltpetre Trunk then descends below B8
to the Amphitheater (Plate 3) .

From the Saltpetre Room, B8 can be

traced through the upper levels of the Saltpetre Maze to the Swallet
entrance, then through most of the upper passage level of the North
Canyon and part of the Headwall Passage (Figure 28, Plate 4) . A
contour map (Plate 5) was constructed for B8 in the North Canyon and
parts of the Headwall Passage and the Saltpetre Maze . In most of this
area, B8 is prominently weathered and somewhat undulatory with narrow
(less than 0 .25 inches) re-entrants .

In places, the re-entrants have a
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thin coating of brown material that could be weathered argillaceous
matter originally in the base of Union unit E or the top of unit F.
Attempts

to

re-entrants

sample
also

this

contain

material

were

unsuccessful,

because

sediments . These

brown clay-sized

the
clays

were probably deposited before entrenchment, based on their restricted
distribution

in

re-entrants,

blind

pockets, and

joint

spurs

at

the

ceilings of canyons .
Bed parting B8 is part of a set of closely spaced partings, B2 to
B8 (Figure 31 ; Plate 4, profile P1).
locally stylolitic.
them.

B6 and B7 are undulatory and

Argillaceous material in Union unit E often lines

B6 and B7 are always recognizable wherever their stratigraphic

interval is present, but are rarely prominent and have few associated
dissolutional features .

The other partings of this set, B2 to B5, can

be recognized only at the Swallet entrance, where surface weathering
has widened and accentuated most fractures .
Bed partings B9 and B 10 of Union unit F are stylolitic .and
discontinuous laterally (Plate 4, profile PI) . Bed partings B11, B12,
B13,

and

B14

are

also

discontinuous

and

locally

stylolitic,

but

usually are visibly bounded by argillaceous material .
Bed
appears

parting B15 is prominent but laterally discontinuous .

It

micrite

or

where

unit

G

is

capped

by

an

argillaceous

dolomicrite with well-developed laminae . It is absent where (1) unit G
is relatively homogeneous and grades into the purer micrites of unit F,
or (2) unit G was eroded before deposition of unit F .

Parting B15 is

most prominent and has dissolutional features only where thrust faults
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follow it.

B16, also in unit G, is a moderately prominent parting that

usually lacks dissolutional features .

Parting B17, at the base of unit

G, is rarely prominent.
The

final

two

partings of

interest,

B18

and

B19, are sharp

contacts at the top and bottom of unit I, a homogeneous clay-rich
micrite or dolomicrite.

Unit I is exposed in Tube 2 on the lower

passage level of the North Canyon . Only B18 is prominently weathered .
Systematic and Non-systematic Fractures
Joint trends for

the Greenbrier Group (Figure 34) have been

determined by Wolfe (1964), Ogden (1974, 1976), Dean et al . (1979), and
Kulander and Dean (1980). The most recent studies recognize systematic
regional

joint

sets

trending

N 30-45° E

subparallel, bed-perpendicular stylolites .

and

with

N 60-75° E,

The N 60-75° E set is less

common that the N 30-45° E set . A third, N 80-90° E set occurs in some
argillaceous

limestones .

Non-systematic

joints

are

orthogonal

to

systematic joints, but are not common .
Stylolites have formed on many systematic joints, mostly on the
N 30-45° E set.

Stylolite teeth are asymmetric to N 30-45° E fractures

at many localities, and symmetric with a near-perpendicular orientation
to N 60-75° E fractures .

Using the columns to the N 60-75 ° E

joints

as the direction of the maximum compressive stress during stylolite
formation, Dean gi g1-. (1979) concluded that the stylolites formed by
layer-parallel

shortening

fractures (the

N 30-45° E

on
and

pre-existing,
N 60-75° E

pre-Alleghenian

extension

joint sets) in response to
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Figure 34 .
Trends of joints in the Greenbrier Group in east-central
West Virginia .
(A) Joint trends according to Wolfe (1964) for the
formations of the Greenbrier Group in Pocahontas and Greenbrier
counties .
Longer
lines = "major"
joints .
Shorter
lines = "minor"
joints.
formations
of
the
Greenbrier
Group:
Letters
designate
and
U = Union,
Pa = Patton,
SG = Sinks
Grove,
P = Pickaway,
H = Hillsdale .
(B) Joint trends according to Dean ej al. (1979) for
Monroe, Greenbrier, and Pocahontas Counties . Height of bars indicate
relative abundance. Flat tops of bars are not intended to imply that
all joints within a class are of equal abundance ; the idea is merely to
show the relative locations of the joint classes so they can be
compared with the joint classes identified by Wolfe (1964) .
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N 20-35° E compressive stress of the southern Appalachians .
In

Snedegar

Cave,

N 60-75° E

set

joints

(Figure

35A)

are

prominently weathered but are not abundant . Most are in the purer
units of the Union Limestone .

Subparallel stylolites are rare. ' The

joints range up to 30 feet in length and height, but most are less than
10 feet high and transect few prominent bed partings . Though the
joints are normal to bedding, they are not planar, but curviplanar,
particularly at terminations . Many N 60-75° E joints curve toward and
terminate at other joints, forming en echelon plan patterns (Figure
36A).

Intersections

joint lengths .

occur

at

different

positions or

heights

along

Thus, en echelon joint patterns make it difficult to

map individual fractures .
Non-systematic cross joints link some N 60-75° E joints .

The

cross joints occur singly and have lengths and heights shorter than 6
feet.
N 30-45° E joints are rare in Snedegar Cave, though subparallel
stylolites are abundant (Figure 37) .

The stylolites have anastomosing

morphologies (Figure 36B, 36C ; see Powell, 1979), so strike histograms
for

straight

segments

are

bimodal,

separations (Figure 35B, 35C) .

with

10

to

15

degree

peak

In Snedegar Cave (and elsewhere in

Friars Hole Cave system), strike peaks are at N 45° E and N 55° E,
being transposed about 10 degrees eastward of the results of Dean q

al. (1979) .
N 30-45° E set stylolites are usually perpendicular to bedding and
do not transect prominent bed partings .

They range from a few inches
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Figure 35. Histograms of strikes of joints and stylolites in Snedegar
Cave. Vertical scale = number of fractures . (A) N 60-75° E set joints
(right) and nonsystematic cross joints (left) . The joints are in units
E and F of the Union Limestone in the North Canyon . (B) N 30-45° E
stylolitic joints and stylolites from Union unit F at the Second Bend
of the Saltpetre Trunk. (C)
N 30-45° E stylolites and stylolitic
joints from Union unit G in the Fault Room of the North Canyon .

Figure 36. Idealized traces of systematic joints in plan view in horizontal beds . (A) En echelon
pattern exhibited by most sets of N 60-75° E set joints. The offsets between the joints may be
dextral, as shown here, or sinistral . (B) and (C) are diamond-shaped patterns (anastomosing
fracture morphology of Powell, 1979) shown by many stylolitic N 30-45° E set joints and by
subparallel stylolites . No scale is indicated because of the high variability of fracture and
stylolite sizes and spacing . ' See text .
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Figure 37 . Stylolites of the N 30-45° E set. The stylolites are in
the Union Limestone at the Fault Room of the North Canyon .
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to

a

few

feet

in height, but combine to

form composite

surfaces

with lengths up to 30 feet .

Faults
Thrust faults are common in the Greenbrier Group throughout its
outcrop belt in eastern West Virginia. Ogden (1976) and Heller (1980)
mapped macroscale fault and fold complexes on the surface .

In caves,

many mesoscale faults have been identified (Eddy and Williamson, 1968,
1970 ; Rutherford, 1971 ; Werner, 1972 ; Palmer, 1974; Rutherford and
Handley,

1976;

Rose,

1978 ;

Heller,

1980 ;

Jameson,

1979,

1981;

Worthington, 1984) .
The thrusts in the caves are contraction faults (Norris, 1958)
that

produce

bed-parallel

shortening .

Many

thrusts

are

roughly

S-shaped in cross sections drawn parallel to fault dip . The larger
S-shaped faults (Figure 38) have the classic ramp and flat pattern or
staircase

trajectory

Elliott, 1982).

of

thrust

systems

(Butler,

1982;

Boyer

and

The ramps are in the purer limestones, where they cut

bedding at angles as high as 30 degrees . The flats frequently are in
argillaceous limestones or shales, but locally follow bed partings in
purer limestones .

In Snedegar Cave, flats follow bed partings B8, B14,

B15, B16, and B17 of the Union Limestone . Flats parallel bedding in
argillaceous units G, I, and K .
Ramp heights range 3 to 30 feet in Snedegar Cave and are
controlled by the spacing of argillaceous units in the stratigraphic
column .

Argillaceous

units

are

therefore

interpreted to be softer

Figure 38 . Faults on part of the north wall and the ceiling of the Amphitheater . (A) Photograph .
For identification and discussion of the faults, see Figure 38B .

Figure 38 (continued). (B) Tracing of faults from Figure 38A . Compare with Plate 3 . Faults A and
B ramp from unit I of the Union Limestone . They pass back into bed-parallel slip and die out in
the lower part of unit G . Unit G has been folded into a monocline at M. Two smaller faults (c, d)
may be accomodation features formed to solve space problems resulting from displacement along
faults A and B . Faults above unit G are on the ceiling and are minor, except for E. Fault E is
not prominent in the photograph becusc it is at its northernmost extent, where it is being replaced
by smaller faults . X marks the location of the photograph of Figure 43 .
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lithostructural

units (Currie et al ,

1962)

than

the

stronger,

purer

limestones .
In Friars Hole Cave system, the faults are in zones that range up
to 1500 feet in length (Figure 39), and contain 10 or more faults .
Faults range up to at least 150 feet in length, but lengths are easily
overestimated
Within

by

zones,

incorrectly

the

faults

correlating

frequently

thrusts

between exposures .

terminate laterally

into

other

faults at an angle (Figure 40A) or are replaced by others that are
offset (Figure 40B) .

The faults terminate upward in bedding-parallel

slip or bifurcate into smaller faults (Figure 40C). A major fault zone
in Snedegar Cave extends from the North Canyon through the Amphitheater
Room, then east of the Trunk Continuation in side passages (Figure 27,
39; Plate 3).
Where

displacement

exceeds

a

few

feet

along

larger

faults,

rootless anticlines (Rich, 1934) form by duplication of strata (Figure
38 ; Plate 4, profile P5) . The folds appear where thrusts ramp between
thicker (3 feet) argillaceous limestones or shales . In Snedegar Cave,
thrusts ramp between units G, H, and K of the Union Limestone .
Displacements along thrusts are primarily dip-slip as inferred
from calcite crystal-fibre slickenlines that parallel the dip direction
(Hobbs et al ., 1976) .

Slickensides often weather to flakey or friable

masses, which may easily be mistaken for weathered flowstone . Many
slickensided surfaces have quartz crystals (Rose, 1978) . The crystals
range up to one inch in length . Displacements range up to 10 feet on
upper ramps at easily distinguishable marker beds of impure limestones
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Figure 39. Zones of thrust faults in Friars Hole Cave system .
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Figure 40 . Terminations of faults.
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or shales .
Fault surfaces are irregular at local rock anisotropies, such as
discontinuous

clay

accomodate slip .

laminae,

where

faults

change

orientation

to

Variations in fracture width or mineral packing by

calcite or quartz also produce irregularities in fault surfaces .
Fault

strikes

typically

change

5

to

10

degrees

along

fault

surfaces, but may change as much as 30 degrees . Generally, strikes are
subparallel to the central Appalachian fold trend of N 30° E, but
strike histograms may show more than one peak . For example, in Friars
Hole Cave system, a histogram of 173 fault strikes shows one peak at
N 15-30° E and another at N 5° W to N 5° E (Figure 41A) . The faults
dip with approximately equal frequency to the northwest and the
southeast (Figure 41B) .

In Snedegar Cave, 39 faults strike mostly

north and dip mostly west (Figure 42A .
Fault-subparallel Joints
In many fault zones the stronger units are cut by conjugate joints
(Figure

43) .

The

(Figures 42, 44) .

joints

are

oriented

subparallel

to

the

faults

The joints usually are confined to single beds . The

joints are smaller than the faults, having maximum strike lengths of
about 15 feet .

In some fault zones, the fault blocks contain abundant

joints (Figure 43) . However, in the more common pattern the joints are
restricted to fewer than three beds over an area encompassing thousands
of square feet.

An example is at the Swallet entrance (Figure 42B ;

Plate 4,

P1),

profile

where joints are in the base of unit E of the

Figure 41 . Strikes and maximum dips of faults in Friars Hole Cave system and in other nearby caves
and surface outcrops at Friars Hole .
(A) Histogram of strikes .
(B) Stereonet of strikes and
maximum dips .
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Figure 42.
Equal-area stereonets and rose diagrams of faults and
subparallel joints in Snedegar Cave. The stereonets plot strike and
maximum dip ; the rose diagrams plot strike only . (A) Faults in the
North Canyon, Headwall Passage, Headwall Room, Amphitheater, the Trunk
Continuation and nearby, and the Quartz Room . (B) Joints in Union unit
E at the Swallet entrance .
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Figure 43 . Fault-subparallel joints in the Amphitheater . The joints
are below fault B (Figure 38B) in unit H of the Union Limestone .

Figure 44 . Strikes and maximum dips of fault-subparallel joints in Friars Hole Cave system and in
other nearby caves and surface outcrops at Friars Hole. (A) Histogram of strikes. (B) Stereonet
of strikes and maximum dips .
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Union Limestone, in the beds bounded by partings B6, B7, and B8 .
of the joints are between B7 and B8 .

Most

This pattern is present at most

exposures of the base of Union unit E in Snedegar Cave .
Calcite Veins
Calcite veins appear in purer limestones near many faults .

The

veins are abundant between larger faults where two faults ramp in
opposite directions from a single horizon .

For example, at Tube 2 of

the North Canyon near the Amphitheater (Plate 4), one fault ramps
northwest from Union unit I, and another ramps southeast from the
same unit .

The veins appear on the walls and ceiling of the tube in

the base of unit H.

The exposure does not allow measurement of the

orientations of the veins. Many are vertically oriented, supporting an
interpretation

of

tensional

origin

(Ramsay,

1980) .

Calcite-filled

veins also occur in en echelon arrays replacing the fault-subparallel
joints . No examples are known from Snedegar Cave, but an accessible
example is in the entrance fissure of Cutlip Cave to the north of
Friars Hole Cave system .

This array resembles arrays discussed by

Ramsay (1967) and Roering 1968) .
Mechanisms of Cavern Enlargement
In caves, aqueous

dissolution

of soluble

bedrock

is

the

most

important mechanism of enlargement (see reviews in Jennings, 1971 ;
Sweeting,
clastic

1973 ; Ford et al .,

sediments,

erosion

1976 ; Boegli,

through abrasion

1981) .
may

Where there are
operate

(Newson,
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1971) .

In

previously

addition,
confined

such

processes as

bedrock,

frost

collapse,

fracturing,

stress

release

exfoliation,

of

gypsum

crystal wedging, or chemical alteration of bedrock constituents (such
as clay minerals) may play a role in enlargement.

These processes

weaken the rock or produce fragments that are more readily dissolved,
abraded, or transported away (Davies, 1951 ; Renault, 1968 ; White and
White, 1969 ; Powell, 1977 ; Jagnow, 1978; Jameson, 1983) .
Aqueous Dissolution of Carbonates
Most of these mechanisms contribute to cavern development in caves
in West Virginia. Not all of the mechanisms usually operate in a given
cavern setting or even within a given cave . In Snedegar Cave, nearly
all enlargement of the early tubes and trenches below them has been
effected

through the

dissolution

of

carbonates

by

ground

water .

Evidence for this assertion derives from the presence and distribution
of anastomoses, pendants, tubes, half tubes, blind ceiling and wall
pockets,

joint

spurs,

flutes,

scallops,

and

such

features

of

entrenchment as undercuts and notches . Each of these features may be
attributed to the activities of moving water under conditions of
closed- or open-conduit flow .
A less dynamic form of dissolution also operates in Snedegar
Cave.

It involves carbonate dissolution by condensed moisture . The

process contributes very little to increasing passage volume . Instead,
it increases the surface roughness of half tubes, tubes, and the upper
walls of canyons and abandoned shafts . The process is most active
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during the summer, when
cooled .
parts

moist surface air enters the cave and

Condensation forms on ceilings and walls.
of

the

Saltpetre

Trunk,

Saltpetre

Room,

is

A dense fog fills
Amphitheater,

and

Saltpetre Maze. (In the North Canyon fogs are less frequent, forming
during floods, when splashing also supplies moisture to walls .) The
condensation drops coalesce and form thin films of descending riviets .
The drops and riviets dissolve calcium carbonate, resulting in textured
surfaces

in

which

less

soluble

matter stands

in

positive

relief .

Surface features include rivlet and drop patterns (Figure 45) . Where
drops are abundant, such as near the First Bend of the Saltpetre Trunk,
they become supersaturated, fall to the floor, and drill small holes in
the mud.
holes .

The saturated water then soaks into the mud surrounding the

As the mud dries during the fall and the winter, calcium

carbonate is precipitated around the holes . White rings appear (Figure
46) .
cycle

The rings are visible until late spring or early summer, when the
restarts.

The details of the chemistry of this

condensation

weathering are unknown . Prokef'ev (1965) measured condensation rates in
Vorontsov

Cave

in

the

Caucasus,

and

believes

that

condensation

weathering could have removed 11,300 m 3 of bedrock in the last 2
million years .
Abrasion
Abrasion is unlikely to have contributed significantly to passage
enlargement in Snedegar Cave .

However, abraded scallops appear on

lower walls in parts of Canyon 1 where the floor gradient steepens .
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Figure 45 . Riviet and drop patterns of condensation weathering .
R = rivlet pattern . D = drop pattern .
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Figure 46 . Calcite rings surrounding drip holes .
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Abraded scallops also are abundant on the lower walls of unit H in
Canyon 5, immediately below the drop (Plate 4, profile P5) .

Abrasion

by

probably

sandstone

clasts

trapped

in

small

potholes

in

unit

G

breakdown

is

abundant

occurs during floods in Canyon 3 .
Rock Collapse Along Tectonic Fractures

Large-scale
Saltpetre

collapse

Trunk,

Amphitheater .

the

of

block

Saltpetre

Room,

the

Block

Room,

in

the

and

the

It is rare in the passages chosen for segment analysis.

Large-scale collapse results from overloading of undermined sections of
walls.

Such collapse generally is along the pre-established planes of

weakness of bed partings, N 60-75° E set joints, or faults . Jameson
(1981) discusses collapse patterns that appear where undermining has
overloaded bedrock blocks bounded by faults and N 60-75° E set joints .
Additional accounts of collapse patterns are in Chapter 6 (pp . 365-366 ;
p . 374).
Rock Collapse Along Other Fractures
In some fault zones the bedrock near the faults is cut by closely
spaced fractures .

In Snedegar Cave, densely fractured bedrock is in

unit G of the Union Limestone in the Quartz Room. The fractured
bedrock is below a large thrust fault that ramps from unit K in the
Trunk Continuation first up to and through unit I and then up to the
top of unit G, where there is a flat along B15 (Plate 3, Figure 47) .
Other zones of densely fractured bedrock are in the Saltpetre Trunk,

Figure 47 . Densely fractured bedrock in unit G below a bed-parallel thrust in the Quartz Room .
The ceiling has abundant quartz crystals in clusters up to 1 .5 inches across .
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the Saltpetre Room, and the Block Room.

In the passages chosen for

segment analysis, densely fractured bedrock occurs only in the upstream
part of Canyon 1 of the North

Canyon

near the Swallet entrance .

Jameson

(1979)

faulting .

More recent observations indicate that most of the fractures

suggested

are not near the faults.

that

this

fracturing

is

related

to

the

Also, the geometry of the fractures and the

associated bedrock fragments favor other interpretations of fracture
origin.
Figure 48 shows a heavily fractured wall at the Second Bend of the
Saltpetre Trunk .

The

photograph shows that many of the larger

fractures have a near vertical orientation, subparallel to the surface
of the wall in Union unit F. If the wall is followed around the bend
and fracture attitudes are measured, the attitudes remain subparallel
to the local surface orientation of the wall .

This suggests that the

larger fractures are a type of surface exfoliation . They may result
from pressure release of previously confined wall rock, the expansion
being outward into the canyon .

This explanation has the advantage of

explaining the unusual rectangular form of the cross sections of much
of the Saltpetre Trunk between the First and Second Bends . In this
region, the walls often have flat surfaces that lack the morphologic
features normally attributed to dissolution of canyon walls .
However, the explanation may fail to account for the smaller
fractures on the walls, and for the peculiar shapes of the bedrock
fragments that remain in place on the walls or form debris piles at
wall bases. A close look at the geometry of the fractures shows that
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Figure 48. Fractured wall at the Second Bend of the Saltpetre Trunk .
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many curve

toward and

die at other

fractures .

Thus

fractures are less than 3 feet in length and height .
walls

are

undercut,

the

plan

pattern

of

the

most of the

Where fractured

fractures

consists

of

diamond or wedge-shaped traces similar to those of the N 30-45° E set
of

systematic

joints

(Figure

36B,

36C).

A

profile

through

the

fractured bedrock shows a similar pattern . The bedrock fragments
have surfaces bounded by the fractures, and thus have the shapes of
wedges, curved plates, or arrowheads (Figure 49) . Locally, the bedrock
fragments may be blocky if N 60-75° E set joints are present .
The peculiar shapes may arise because processes other than surface
unloading have operated . For example, frost wedging may be involved .
This interpretation is attractive given the distribution of the zones
of densely fractured bedrock . The zones have been found only in cave
entrances, nearby passages, and on cliffs at entrances . In the Friars
Hole area, additional zones are at Toothpick Cave, Crookshank Cave, and
at several of the caves along Clyde Cochrane Run and Rush Run . If
the fracturing has been aided by frost wedging, it may be a relict from
glacial periods when tundra (and perhaps permafrost) was present at
high elevations in West Virginia during the late Wisconsin. Relevant
literature regarding these conditions is reviewed by Wolfe (1973) and
includes studies of fossil-sorted patterned ground on Cold Knob (Clark,
1968) .

Cold Knob is 10 miles southwest of the Friars Hole area and

over 1500 feet higher .
Another type of jointing results in rock collapse in argillaceous
beds.

The joints are curved with surfaces that face convexly out

Figure 49 . Densely fractured bedrock and fragments in the Fracture Dome in Friars Hole Cave . (A)
Fractured bedrock, viewed on a surface parallel to bedding on the underside of an undercut
surface . Note diamond-shaped pattern of fractures .

Figure 49 (continued) . (B) Fragments found in a debris pile below the Fracture Dome . Fragments
frequently have the shapes of curved sheets, wedges, or arrowheads . Some fragments have sharp
points (not visible because the fragments are supported by the points).
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toward cave passages (Figure 50).

The convexity occurs in both plan

and profile views, producing a tendancy

toward the development of

hyperbolic cross sections (Jameson, 1983) .

Where argillaceous beds are

thick, as in the Pickaway Limestone, such jointing may be extensive.
Jameson suggests that the joints are caused
with

chemical

relatively

weathering

weak wall rock .

and

by exfoliation associated

stress release

of

Fragments produced by

overloaded
this

and

process are

typically narrow curved plates or small flakes . Large slabs are common
in Rubber Chicken, Friars Hole and Canadian Hole caves . The column
for the Pickaway Limestone in Figure 32 identifies argillaceous units
with abundant exfoliation in Friars Hole Cave . In the Union Limestone
the exfoliation is relatively rare, but can be found in units G and I .
Some of the jointing in unit G in the Quartz Room (at the zone of
densely fractured bedrock, Figure 47) is likely exfoliation .

Other

examples of curved exfoliation joints in Snedegar Cave are in unit
G at the southwest wall of the Amphitheater, and in unit I at the end
of Tube 2 of the North Canyon, where Tube 2 connects into the
Amphitheater . In both cases the exfoliation is poorly developed .
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Figure 50 . Exfoliation in the Pickaway Limestone in Canadian Hole .
Note the curved fractures on the left wall and the exfoliation on the
floor.
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CHAPTER 4

THE STRUCTURAL SEGMENTS
AND THE
EARLY CONDUITS ENLARGED FROM THEM

The Sections
Application of the method of segment analysis in Snedegar Cave led
to the recognition of 32 sections . The sections are listed in Table 5,
where they are arranged by passage location (see Figure 28) . The
sections, except for section S, are shown schematically in a block
diagram in Figure 51A.

Section S, the Miniature Shaft, connects

sections 6B and 6C to sections 7B and 7C . Section S is too short to
be shown in Figure 51A .
Types of Segments

Fractures available to
partings,
faults,

two

of

segments

include bed

systematic joints (N 60-75° E, N 30-45° E),

and two sets of joints oriented subparallel to the two sets

of faults.
fractures

sets

form structural

The fractures can form structural segments as individual
(single-fracture

segments).

They can

form

segments as
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TABLE 5
THE SECTIONS AND THEIR PASSAGE LOCATIONS
(SEE ALSO FIGURE 51)
Location

Sections

Saltoetre Maze
Saltpetre Maze Passage

M, N

Sound Hole

1A

North Canyon
Rat Hole

1B

Canyon 1
Downstream of the Rat Hole, to the
Second Paleoshaft

1, part of 5, 5A

Upstream of the Rat Hole
In Canyon 1 from the Swallet entrance
to the start of section 1

7D, 7B, 7C, 6

The A-tubes above Canyon 1 near the
Swallet entrance

7A, 6D, 6C, 6B, 6A

Miniature Shaft, between the A-tubes
and Canyon 1

S

Canyon 2
Between the First and Second Paleoshafts

part of 5

Downstream of the First Paleoshaft

8, 9A, 9B, 9C, 9D,
10, 11

Connection, Tube
Between Canyon 1 and the Headwall Passage

2

Headwall Passage,
On the upper passage level
First Paleoshaft

part of 3, 4
part of 3

Third Shaft

X

Fourth Shaft

Z

Fissure 1

Y

Fissure 2

V

Undercut region that connects Canyon 2
to Fissure 2

W

1 51

Figure 51 . Block diagrams of the sections and
the segments . (A) The sections . All sections
except S (the Miniature Shaft are shown, using
solid, dotted, or dashed lines . Numbers and
letters are used to name the sections, whose
locations are described in more detail in Table
5.
Each section consists of one or more
segments ; the segments are shown in Figure 51B
and Plate 4 . The diagram is schematic, and is
not to scale . The top surface represents bed
parting
B8,
which
has
been
smoothed
considerably (see Plate 5).
Vertical planes
that extend above B8 represent joints . The
curved planes in Canyon 1, Canyon B, and the
Sound Hole .represent thrust faults . See also
Figure 28 . FP = First Paleoshaft . SP = Second
Paleoshaft .
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intersections

of

different

types

of

fractures

(intercept

segments) .

They can form segments as closely spaced fractures (zone segments) . In
addition,

fractures

can

have

slightly

different

orientations and

intersect to form intercept segments . Thus there are numerous potential types of structural segments .
Not all possible types occur in the investigated passages . Nor is
it useful to distinguish all of the segment categories that do occur .
For example, it is not useful to distinguish between fault segments
formed on northwest-dipping faults and fault segments formed on
southeast-dipping faults . There are two reasons. First, there are no
observed relevant physical differences between the fault sets that
might affect conduit development . Second, there are no observed
relevant differences between the conduits developed on the two sets of
faults.
The most useful classification of the segments recognizes seven
types of structural segments . Several mined segments (abbreviated MS)
are also present in the study passages ; they will be described in later
chapters . The structural segments are:
(1) Bed segments (B).
(2) N 60-75°E met joint segments (J) .
The

reason,

of

course,

is

that

the

Most are zone segments .

joints

rarely

occur

singly.

Instead, the joints are closely spaced with en echelon patterns . They
intersect frequently by hooking into one another at variable positions
along their lengths and heights . The geometry of the joints makes it
difficult to distinguish and map single joints as single-fracture joint
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segments

within

the zones.

However,

where

possible,

single-fracture

joint segments were distinguished .
(3) N30-45° E

(4)

Cross

joint

perpendicular to N
(5)

eat ' in segments, (J) .
segments

60-75° E

(XJ).

The

cross

joints

are

nearly

60-75 0

E joints or

joints .

Bed-joint segments (BJ) .

The joints are N

cross joints .
(6) Fault segments, (F).

Segments on east- and west-dipping faults

are combined into one group .
(7) Fault-joint segments (FJ) . N

60-75° E

set joints are used .

Presentation of the Segment Analyses
Table

6

lists the segments .

For each section, Table 6 shows the

segment type, the type of host fracture, and the segment length . The
segment length of a structual segment is the length of the midline .
Midline lengths were estimated by measuring the lengths of the center
lines

of the ceiling half tubes or fissures .

(Center lines are lines

connecting the center points of the conduits or remnants of conduits .)
The lengths of the center lines of short segments (under 15 to 20
feet) are mostly accurate to the nearest 0 .1 feet .
longer

The lengths of

segments are accurate to the nearest 0 .5 feet, except for

N 60-75°

E segments. Some of the longer N

60-75° E

segments (over

15

to 20 feet) are accurate to the nearest foot, at best . The segment
length of a mined segment represents the minimum amount of rock removed
by

dissolutional

mining .

The

lengths

were

measured

in straight
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TABLE 6
STRUCTURAL AND MINED SEGMENTS IN SNEDEGAR CAVE'

Endpoints
Section M
1-2
2-3
3-4

4-5
5-6
6-7
7-8
8-9
9-10
10-11
11-12
12-13
13-14
14-15
Section N
15-A
A-B
B-C
C-D
D-E
E-F
F-G
G-H
H-I

Type of
Seoment

Types of Fractures,

Length
(Feet)

J
B
J
B
J
BJ
B
BJ
J
BJ
B
J
BJ
B

N 60-75° E its .
B8
N 60-75° E its .
B, unnamed, below B8
N 60-75° E its .
B8, N 60-75 E its .
B8
B8, N 60-75 ° E its .
N 60-75° E its .
B8, N 60-75° E its .
B8
N 60-750 E its .
B8, N 60-750 E its .
B8

21
17
4
8
4
17

BJ
B
BJ
J
B
J
B
BJ
B

B8, N 60-75 ° E its .
B8
B8, N 60-75 ° E its .
N 60-750 E its .
B, unnamed, below B8
N 60-750 E its .
B8
B8, N 60-75 ° E its .
B8

18
4
26
10
27
5
17
36
44

F

F

NM

B
B

B8
B8

10
20

B
J
J
BJ
B

B8
N 60-75° E its .
XJ
B8, N 60-75 ° E its .
B8

77
11 .5
3
7 .5
13 .5

2

8
9
8
19
58
18
3

Section 1A

15-15X
Section lB
1-2
2-3
Section 1

3-4
4-5
5-6
6-7
7-8
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TABLE 6
(CONTINUED)

Types of Fractures,

Length
Feet

B
BJ
B
BJ
B

B8
B8, N 60-75 ° E its .
B8
B8, N 60-75 ° E its .
B8

3
5
9
12
6

13-14
14-15
15-16
16-17
17-18
18-19
19-20
20-21
21-22
22-23
23-24
Section 4

B
BJ
B
BJ
B
BJ
F
J
BJ
B
J

B8
B8, N 60-75 ° E its
B8
B8, N 60-75 ° E its
B8
B8, N 60-75 ° E its
F
N 60-75 ° E Jt .
B8, N 60-75° E its
B8
N 60-75 ° E its .

26
10 .2
5 .5
3 .6
3
5 .5
14 .2
3
9 .2
46
14

25-26
26-27
27-28
28-29
29-13

J
B
J
B
BJ

N 60-75 ° E its .
B, unnamed, below B8
N 60-75° E it .
B8
B8, N 60-75 ° E its .

26
19
4 .5
9
6

8-28
28-29
29-30
30-31
31-32
32-24
Section 5A

B
J
B
J
BJ
J

B8
N 60-75 ° E
B12
N 60-75° E
B, unnamed
N 60-75 0 E

35
18
10
4
20
9

52-5J
5J-5K
5K-5L
Section 6

MS
J
MS

None °
N 60-75 E its .
None

NM
NM
NM

35-36
36-37
37-38
38-39
39-40
40-3

B
J
BJ
J
BJ
B

B8
N 60-75 ° E its .
B8, N 60-750 E its .
N 60-750 E its .
B8, N 60-750 E its .
B8

33
36
10
3
46
38

Endpoints,

Type of
Seament

Section 2
8-9
9-10
10-11
11-12
12-13
Section 3
.
.
.
.

Section 5
its .
its .
above B12
its .
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TABLE 6
(CONTINUED)

Endpoints

Type of
Segment

Types of Fractures

Length
Feet

Section 6A
35Z-35

B

B8

NM

35X-35Y
Section 6C

B

B8

NM

35W-35X
Section 6D

B

B8

NM

35B-35C

B

B8

NM

B

B8

18

J
J

N 60-75 ° E Jts .
N 60-75° E Jts .

5
22

J
J
BJ

N 60-75 ° E Jts .
N 30-45 ° E Jts .
B8, N 60-750 E Jts .

24
7 .5
7

J

N 60-75 ° E Jts .

24

J

N 60-75 ° E Jts .

2

MS
J

None
N 60-75 ° E Jts .

8
16

J

N 60-75 ° E Jts .

9

MS
J

None
N 60-75 ° E Jts .

2
28

J

N 60-75 ° E Jts .

12

Section 6B

Section 7A
35A-35B
Section 7B
35B-43
43-44
Section 7C
44-45
45-46
46-35
Section 7D
42-35B
Section S
35X-44
Section X
22-22A
22A-22B
Section Y
22B-22C
Section Z
19A-19B
19B-19C
Section V
19C-22B
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TABLE 6
(CONTINUED)

End-points

Type of
Segment

Types of Fractures

Length
(Feet)

Section W
31X-31Y

MS

31Y-19C

MS

None, but possible
use of N 60-75° E its .
during mining .
None, but possible
use of nonsyste_*natic
cross joints or a bed
parting during mining .

8

FJ
F

F, N 60-75 ° E its .
F

26
38

J

N 60-75 ° E its .

10 .3

BJ
B
B
J

B12, N 60-75 ° its .
B12
B12, N 60-75 ° its .
N 60-75° E it .

5 .5
1 .0
8 .3
4 .4

FJ

F, N 60-75 ° E its .

5

J

N 60-75 ° E its .

4

FJ

F, N 60-75 ° E its .

19

F
J
F

F
N 60-75 ° E it .
F

20
6 .5
33

8

Section 8
24-50
50-51
Section 9A
51-53
Section 9B
53-54
54-55
55-56
56-52
Section 9C
51-51X
Section 9D
51X-53
Section 10
51X-52
Section 11
52-57
57-58
58-59

B = bed
* Key for abbreviations : J = joint segment .
s egment . BJ = bed-joint segment . F = fault segment .
FJ = fault-joint segment . MS = Mined segment .
B, unnamed =
B8 = bed parting 8 . B12 = bed parting 12 .
bed parting that is not named and that is only locally
exposed . XJ = cross joint (in relation to N 60-75° E set
joints) . F (under the column of Types of Fractures) =
fault . Jts .= j oints . i t . = joint . NM = (length) not
measured .
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lines

from

nearest

the

appropriate

structural

segments

upstream or

above, to the endpoints or other appropriate positions on the structural segments downstream . Examples are shown in Figure 8, p . 30 .
Figures 52-59 are plan and profile midline diagrams that illustrate the segments. The diagrams are most useful for visualizing the
geometric and elevational relationships of the segments that are near
one another .

For field identification of the segments it is best to

refer to Plate 4 .

Plate 4 depicts the relationships of the segments to

plans, profiles, and cross sections of the actual passages . A block
diagram of the segments, showing their approximate relationships in
three dimensions, is given in Figure 51B .
Frequencies and Lengths of the Segments
One hundred segments were identified in the 32 sections . It was
not possible to measure segment length for eight segments because of
small conduit size or unclear and inaccessible endpoints .

The 92

measured segments have a total length of 1408 .7 feet . Nearly all of
this length (1382 .7 feet) is on structural segments . The four measured
mined segments have a combined length of 26 feet.
Table 7 summarizes the distributions and lengths of the segments,
showing the numbers and lengths of each segment type in each section ;
the total number of segments in each section ; and the total length of
segments in each section .

It also shows the numbers, lengths,

mean lengths of each type of segment for all 32 sections .

and

Figure 52.
Midlines of segments in sections M and IA. Section M is in the Saltpetre Maze
Passage. Section IA is in the Sound Hole . In Figures 52-59, the following conventions are used :
Sections are represented by S followed by the names of the sections, as in SM = section M .
Numbers, letters, or numbers and letters combined, represent passage positions at the endpoints of
segments. Unless otherwise noted, midlines are shown as extended profiles on profile diagrams .
Depths arc relative to the datum at the Swallct entrance of the North Canyon .

Figure 53 . Midlines of segments in section , N.
further information, see Figure 52 .

Section N is in the Saltpetre Maze Passage . For

Figure 54 . Midlines of segments in sections 1B and 1 . Section lB is in the Rat Hole tube .
Section I is in Canyon 1 of the North Canyon . For further information, see Figure 52 .

Figure 55 . Midlines of segments in passages near the First and Second Paleoshafts . Section 3 is
in Canyon B of the Headwall Passage . FP = First Paleoshaft . Section 5 is in Canyon I where it is
upstream of the Second Palcoshaft . Where it is downstream of the Second Paleoshaft, section 5 is
in Canyon 2 . SP = Second Paleoshaft . Note duplications of positions $ and 12C on the extended
profiles . For further information, see Figure 52 and Tables 5 and 6 .

Figure 56 . Midlines of segments in' section 4. Section 4 is in the Headwall Passage in Canyon B .
For further information, see Figure 52 .

Figure 57 . Midlines of segments in sections 6 and IB. Section 6 is in Canyon 1 of the North
Canyon. Section lB is in the Rat Hole tube . For further information, see Figure 52 .

Figure 58 .
Midlines of segments in sections near the Swallet entrance to the North Canyon .
Sections 7D, 7B, 7C, and S are in Canyon l . Sections 7A, 6D, 6C, 6B, and 6A are in the A-tubes
above Canyon 1 . Sections 7D, 7B, 7C, and S are shown as extended profiles . The other sections arc
projected onto a NE-SW plane containing the midlines of sections 7D, 7B, 7C, and S. For further
information, see Figure 52 .

Figure 59 . Midlines of segments in Canyon 2 downstream of the First Paleoshaft . The First
Palcoshaft is at joint segment 23-24 of section 3 . For further information, including a list of
the segments of sections 9A-9D and 10, see Figure 52 and Table 6 .

TABLE 7
SUMMARIES OF NUMBERS OF SEGMENTS AND THEIR LENGTHS BY SECTION

Section
Segment Type

M

N

Bed

5/49*

4/92

N 60-75° E Jts .

4/92

2/15

N 30-45 ° E Jts .

1/4

1A

1B

2/30

2/90 .5

2
3/18

1/11 .5

Cross Joints
Bed-joint

1

3
4/80 .5
2/17

1/3
4/51

3/80

1/7 .5

**
Fault

2/17

1/NM

4/28 .5
1/14 .2

Fault-joint
Mined Segment

Totals

14/196

9/187

11N M

2/30

5/112 .5

5/35

11/140 .2

TABLE 7
(CONTINUED)

Section
Segment Type

4

5

Bed

2/28

2/45

N 60-75° E its .

2/30 .5

3/31

5A

6
2/71

1/NM

6A-6D
4/NM

7A

7B

7C

7D

2/27

1/24

1/24

1/18

2/39

N 30-45 ° E its .

1/7 .5

Cross Joints
Bed-joint

1/6

1/20

2/56

1/7

Fault
Fault-joint
Mined Segment

Totals

2/NM

5/64 .5

6/96

3/NM

6/166

4/NM

1/18

2/27

3/38 .5

1/24

TABLE 7
(CONTINUED)

Section
Segment

S

X

Y

Z

V

W

8

9A

1/1

Bed
N 60-75 ° E Jts .

9B

1/5*

1/16

1/9

1/28

1/10 .3

1/12

1/4 .4

N 30-45 ° E Jts,
Cross Joints
2/13

Bed-joint
Fault

1/38

Fault-joint

1/26

Mined Segment

Totals

1/2

2/24

2/16

1/2

1/8

1/9

2/30

1/12

2/16

2/64

1/10 .'3

4/19 .2

TABLE 7
(CONTINUED)

Total
Number of
Segments
Measured

Section
Segment Type

9C

9D

10

11

Bed
1/4 *

Mean
Segment
Length
(Feet)

28

523

18 .7

29

403 .2

13 .9

N 30-45° E Jts .

2

11 .5

5 .8

Cross Joints

1

N 60-75° E Jts .

1/6 .5

Total
Length of
Segments
(Feet)

Bed-joint
2/53

Fault
Fault-joint

1/5

1/19

Mined Segment

Totals

*

1/5

1/4

1/19

3/59 .5

The first value is the number of segments ;
segments in feet .

** NM = not measured

3

1 .5

21

286 .8

13 .7

4

105 .2

26 .3

3

50

16 .7

4

26

6 .5

92

1408 .7

15 .0

the second is the total length of the
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These data are summarized with histograms in Figure 60. Bed and
N 60-75° E set joint segments are most abundant . Each of these segment
classes accounts for over 30% of the measured segments . The bed
segments have 37% of the total segment length, and N 60-75° E set
joint segments have 29% of the total length . Bed-joint segments are
also abundant (23%) and have 20% of the segment length . The rest of
the segments are neither abundant nor lengthy . Among them, only fault
segments account for over 100 feet of midline length .
Mean segment lengths range from 1 .5 feet

to 26 .3 feet.

The

largest mean length is on fault segments . The mean length for all
eight segment types is 15 feet .
Characteristics of the Early Conduits
The structural segments first grew as tubes or fissures under
conditions of closed-conduit flow. Entrenchment then enlarged only the
floors of the early conduits . Little collapse followed . Also, there
was little floodwater or other enlargement of passage ceilings during
subsequent development .

Consequently, the early (pre-entrenchment)

conduits are now represented by half tubes and fissures on passage
ceilings .

The half tubes and fissures provide morphologic evidence

that makes it possible to infer many of the characteristics of the
early conduits .

The main characteristics to be inferred are conduit

size, shape, orientation, and location on the guiding fractures . The
following descriptions show how the host fractures influenced the
shapes and orientations of the conduits at the times of onset of

Figure 60 .
Histograms comparing relative frequencies, total lengths, and mean lengths of
segments . BED = bed segment . N 60-75° E J = N 60-75° E set joint segment . N 30-45° E J =
N 30-45° E set joint segment .
XI = cross joint s egment .
B J = bed-joint segment .
F = fault
s egment . F J = fault-joint segment. MS = mined segment .
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entrenchment.

(Influences of

the

geometries of

groups of fractures

on the characteristics of the conduits at the onset of entrenchment are
discussed in Chapter 5, pp . 254-257) .
Conduits on Bed Segments
The 28 measured bed segments are distributed among 15 sections .
Total midline length is 523 feet (Table 7) .
on B8 .

Most of this length is

Only 10 feet of midline length are developed on B12 in section

5, and 35 feet are on several unnamed bed partings of only local extent
in sections M and N .
Early bed conduits consisted mostly of small arched and flatfloored tubes .

Widths were equal to or greater than heights .

The

tubes ranged from 0 .5 to 7-8 ft 2 in cross sectional area at the onset
of entrenchment . Few of the tubes had associated anastomoses.
The characteristics of conduits - on B8 are worth describing in
detail,

because

flow-path history .

of

their

prominence

in

later interpretations

of

B8 conduits were smooth-walled tubes (Figure 61) .

Most had cross sectional areas of about 1 ft 2. Their floors were
relatively flat, for the floors were formed on B8 or insoluble residues
coating that parting .

Tube walls and ceilings were arched ;

extended about 6 to 10 inches above B8 .

most

Hence B8 is nearly always

exposed on tube walls, but B7 often is not .

Minor dissolutional

re-entrants are ubiquituous on B8 in the modern half tubes, and some
small but scattered anastomoses also appear .
not present on other

fractures

exposed

Yet these features are

on the walls of the remnants

TYPICAL CONDUITS ON B8

Inferred Early Cross Section

Modern Cross Section

WIDER CONDUITS ON B8 ASSOCIATED WITH ABUNDANT ANASTOMOSES

Inferred Early Cross Section

Modern Cross Section

Figure 61 . Cross sections of bed conduits .
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of B8 conduits .

This lack of dissolutional features (on B6, B7, or on

the ubiquituous fault-subparallel joints in Union unit E between B6 and
B8) is strong evidence for the attribution of early flow to B8 alone .
The argument that only B8 could have been transmissive is even stronger
for some segments.

For example, on bed segment 28-29 of section 4,

dissolution upward from B8 did not even reach B7 (the ceiling is below
B7), no other fractures are exposed, and entrenchment began immediately
below B8 .
On several segments, bed conduits on B8 are accompanied by
abundant anastomoses on B8 .

The best examples are in the A-tubes

near the Swallet entrance, on sections 6A, 6B, 6C, 6D, and 7A (Plate
4).

Abundant anastomoses on B8 are also present at the upstream and

downstream ends of section 6.

On these bed conduits there are no

isolated half tubes.

Instead, the bed conduit (Figure 61) is ellip-

tical, low, and wide .

Cross sectional area is larger than normal (over

2 to 3 ft2), and the ceilings are studded with many poorly preserved
pendants .

The presence of the pendants suggests that the larger wide

tubes developed by coalescence of numerous small anastomoses .
In
patterns .

plan view,

early

bed

conduits

had

sinuous, "meandering"

This sinuosity can be seen on maps of inferred passage walls

of early conduits . For example, it may be seen on bed segments on B8
in sections M and N of the Saltpetre Maze Passage (Plate 4) . It can
also be seen on maps of segment midlines, for example on segment 3-4 on
B8

in

section 1 (Figure 54) .

The sinuosity does not appear to be

correlated with local variations in the attitude of bedding,

as has
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been found for tubes and canyons in Mammoth Cave, Kentucky (Palmer,
1977, 1981).

The lack of correlation can be seen by comparing the

midline patterns of bed segments on B8 that are on sections M, N, IB,
1, 2, 3, 5, 6A, 6B, 6C, and 7A, with 0 .5-foot elevation contours on B8,
as shown on Plate 5 . Plate 5 shows that bed conduits on B8 trend down
dip, along strike, obliquely in between, or even obliquely up dip. In
profile view (Figures 52-55, 57, 58) these same segments show that bed
conduits also "meander" vertically . Thus these bed conduits form parts
of flow paths that are ungraded.

Conduits on N 60-75° E Set Joint Segments
The 29 N 60-75° E set joint segments are distributed in 20
sections. Total midline length is 427 .7 feet (Table 7).
At the onset of entrenchment, the joint segments consisted of
fissures or tubes .

Some of the conduits formed on single joints and

had simple elliptical or fissure-like cross sections (Figure 62A) . In
general, the long axes of the cross sections were oriented vertically .
This is because the joints are near vertical . Also, flow usually had a
greater

horizontal

exceptions .

than

vertical

component .

However,

there

were

For example, on joint segment 27-28 of section 4, a

60-degree dipping joint transmitted ground water up dip, thus forming
an early fissure with a horizontally oriented cross-sectional long axis
(Plate

4,

profile

P3;

see

also

Figures

100A-100G,

pp . 295-301) .

Another exception is found where ground water was transmitted from the
upper level of the North Canyon and the Headwall Passage to the middle

178

of
the
Figure
62.
Typical pre-entrenchment
joint conduits
(B)
N 60-75° E joint set. (A) Elliptical or fissure cross section.
Cross section with multiple spurs or joint bells . (C) Plan and cross
sections of typical reaches of joint conduits before entrenchment .
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level of these passages (Plate 4, Figure 28) .
cally

extensive

joints .

The

joints

This happened on verti-

enlarged

to

form

Third and Fourth shafts), or to form shafts that then

shafts

(the

enlarged by

headward erosion to become paleoshafts (the First and Second paleoshafts; see Chapter 5) .
Most of the conduits, however, formed in zones of closely spaced
joints.

The cross sections were therefore more complex (Figure 62B) .

Multiple spurs

or

joint bells

branched

from

conduit

centers .

A

photograph of typical ceiling remnants of N 60-75° E set joint conduits
is shown in Figure 63 .
From the sizes of the remnant fissures and half tubes, crosssectional area of N 60-75° E joint conduits must have ranged 1 to 15
ft 2 at the times of onset of entrenchment . Most cross-sectional areas
would have been about 2 to 4 ft 2 in sections M and N of the Saltpetre
Maze, but only 1 to 3 ft 2 in the rest of the sections .

It is notable

that cross-sectional areas varied greatly over short distances (Figure
This variation depended on whether the early conduits were

62C).
guided

by

a

single joint, or by several joints . It

depended on

whether side spurs or bell holes were present . Finally, it depended
on the amount of time for which conditions of closed-conduit flow
operated (see Chapter 5, pp . 254-257) .
Most of the early joint conduits had ungraded profiles.

Good

examples appear on segments 1-2 and 12-13 in section M (Figure 52,
Plate 4) .

As previously noted, the joints are closely spaced . They

have en echelon plan patterns, and often hook into one another so that
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Figure 63 . Typical remnants of pre-entrenchment joint conduits of the
N 60-75° E joint set . The photograph was taken in Canyon 2 of the
North Canyon trunk, downstream of 59 .
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they

intersect at

Hence it
joints .

variable

is probable

positions

that

initial

along their lengths and
flows

heights .

moved irregularly along the

Flow would have been up, down, and along the joints in a

complex fashion that used first one joint and then another .
diagram of the earliest midline flow
three-dimensional

pattern

following

would

A block

thus depict a complex,

irregularities in

fractures

as

fractures curved and hooked into one another . However, as dissolution
enlarged

the

earliest

flow

paths,

forming

fracture

conduits,

this

midline flow pattern would become straighter and more smoothed . To
help

visualize this evolution in midline patterns, it is useful to

reduce the problem to a two-dimensional one . We then consider how the
pattern would appear at successive stages as shown in midline plans and
plans

of

sequence.

the

walls

before entrenchment .

Figure

64

shows

this

Figure 64 also shows how the trend of the joint conduit

should evolve .

Note that the initial en echelon joint pattern (Figure

64A) contains a string of dextral joint hooks that determine joint
intersections .

This forms the en echelon zone . (Remember, Figure 64

consists of projected plan views .

A plan view for a single height

would have gaps, so not all of the joint hooks would intersect .) The
zone as a whole trends 10 to 15 degrees to the side of the trends of
the individual N 60-75° E set joints . The earliest fracture conduit
(Figure 64B) had highly variable strikes that follow subtle changes in
fracture orientation .

The

later, larger conduits (Figure 64C, 64D)

follow the trend of the en echelon zone. A prominent example of this
common pattern of development is in section 6 on joint segment 36-37 .

Joint

Initial

Pattern

Midline
Plan

Early Joint Conduits
Early Wall
Pattern

Early Wall
Pattern Smoothed

Figure 64 . The hypothesized evolution in plan view of the early joint conduits from the N 60-75° E
set of joints .
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A photograph of that segment is shown in Figure 65.
Stylolitic N 60-75° E set joints occur as isolated, broadly curved
or straight stylolites that extend for some distances (10 to 30 feet)
without hooking into other fractures . Consequently, conduits developed
on the stylolitic joints tend to be broadly curved or are straight . In
either

case,

them.

The en echelon joint pattern is only poorly developed, or is

absent .

joint

spurs

or

joint bells are

rarely

associated with

Good examples of stylolitic N 60-75° E set joint conduits are

in sections 7D, 7B, 7C, and 4 . Figure 66 is a photograph of a typical
stylolitic N 60-75° E set joint conduit that has been entrenched .
Conduits on N 30-45° E Set Joint Segments
The two N 30-45° E set joint conduits are in section M (segment
3-4) and section 7C (segment 45-46) . Ther segments are short (4 and
7.5

feet long, respectively) .

tubes .

They appear as smooth, rounded half

At the onset of entrenchment, they had cross-sectional areas of

1 .5 to 2 .0 ft 2.

The one in section 7C transmitted water upward in a

curving flow path .

It discharged its water into a bed-joint segment

developed on B8 and a N 60-75° E set joint, and is shown in a
photograph in Figure 67 .
Conduits on Cross Joint Segments
Only one cross joint segment, segment 5-6 of section 1, is present
in

the

passages

chosen

for

segment

analysis .

Other cross joint

segments may be found in the Saltpetre Maze . Cross joint segment 5-6
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Figure 65. N 60-75° E set joint conduits in a zone of en echelon
N 60-75° E set joints . The joint conduits are visible on the ceiling
as descending joint fissures that were entrenched ; they cut diagonally
from the upper left corner to the middle of the photograph . This reach
is part of joint segment 36-37 of section 6 in Canyon 1 . The view is
downstream.
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Figure 66. Half tube formed on stylolitic N 60-75° E set joints on
joint segment 44-45 of section 7C .

1 86

Figure 67 . N 30-45° E set joint segment 45-46 of section 7C . This
segment is in the curving half tube that rises from the narrow trench
of section 7C toward position 46. Part of the joint used by bed-joint
segment 46-35 is visible at the top of the photograph, above 46 . The
view is upstream .

'187

transmitted ground water from a N 60-75° E set joint below B8 in an
upward and lateral course to position 6_ at the start of a bed-joint
segment (Figure 54) .

At the onset of entrenchment, it was a small

vertical fissure .
Conduits on Bed-joint Segments
The 21 bed-joint segments are distributed in 10 sections . Total
midline length is 296 .8 feet (Table 7) .
Early bed-joint conduits consisted of complex tubes or fissures
with re-entrant spurs .

The spurs developed outward from the lines of

intersection of the bed partings and the joints ; they are unlikely to
represent regions of significant input of ground water . Most of the
joints are

from the N 60-75° E set .

However, cross joints linking

offset N 60-75° E joints were also used.
Typical modern and inferred early cross sections of the bed-joint
conduits are shown in

Figure 68 .

Where cross joints or single

N 60-75° E set joints were used, early cross sections tended to be
elongated both horizontally and vertically with four spurs
68A).

(Figure

Elsewhere, bed-joint segments are aligned along closely-spaced

joints, so cross sections were more complex . Multiple spurs appeared
above the bed parting and most likely also below (Figure 68B) . Some
bed-joint segments had only three main spurs (Figure 68C) . Typical
examples are on bed-joint segments 9-10 and 11-12 in section 2 (Plate
4).

On these segments in the Connection Tube, the early flow paths

were abandoned before entrenchment could occur . Therefore, the early
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Figure 68.

Typical cross sections of bed-joint segments .

tion, see text .

For explana-
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bed-joint (and other) segments of section 2 have been preserved nearly
intact as tubes and fissures rather than as half tubes and fissures.
On

some N 60-75° E set bed-joint segments, joints above the

bed-joint intersections were enlarged into fissures

that now extend

several feet or more upward . Two good examples are along segment 25-26
of section 1, and segment 14-15 of section 3 (Plate 4, profiles PI and
P3, respectively).

On these segments, ceiling fissures narrow upward,

terminating in blind spurs . The spurs are separated by bedrock bridges
at varying elevations, so the ceilings have irregular heights . Fissure
and spur walls are smooth and have appearances identical to those of
the tubes and half tubes .

The fissures and spurs are believed to have

formed before the local onset of entrenchment, as water under pressure
gradually widened the joints outward from the bed-joint intercepts . An
alternate interpretation is that the fissures formed during entrenchment as floodwater features (Palmer, 1972, 1975) .

However, passages

formed in floodwater settings in Friars Hole Cave system and other
nearby caves (Cutlip and Lower Hughes Creek caves ; Coward, 1975) have
bedrock surfaces covered with small, closely spaced scallops . Were the
fissures formed by floodwaters, it would be necessary to provide an
explanation for the lack of small scallops in the fissures, as well as
in the tubes and half tubes .
The earliest flow along bed-joint segments was likely tortuous, as
the ground water followed first one intercept and then another, within
the

zones

of

intersection of bed partings and N-60-75 0 E

joints .

However, at the scale of the midline diagrams, midlines of bed-joint
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segments are

best represented

by

the

straight,

dotted lines used on

Plate 4 and elsewhere.
Conduits on Fault Segments
The

four

measurable

fault

segments

are

distributed in

four

sections . Total segment length is 105 .2 feet (Table 7) .
At the times of onset of entrenchment, fault segments consisted of
tubes or fissures ranging from less than 1 to over 10 ft 2 in crosssectional area . Typical cross sections are shown in Figure 69A . A
photograph of a remnant half tube of fault segment 52-57 of section 11
is shown in Chapter 6 (p . 370, Figure 113) .
Conduits developed on faults nearly always have abundant anastomoses, in Snedegar Cave or elsewhere in Friars Hole Cave system .
The anastomoses may be developed over large areas of the faults away
from the midlines of the principal tubes . Many anastomoses are nearly
as large as the principal tubes . Examples of abundant anastomoses on
faults may be seen in sections 8 and 11 . The abundance of anastomoses
on fault conduits may be a result of local large original crack widths
on fault planes.
Midline patterns in plan and profile views show that early flow on
fault segments was often sinuous and ungraded . Flow proceeded along
strike or up or down the dips of the faults (Plate 4) .

Figure 69. Typical cross sections of fault and fault-joint segments . See text .
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Conduits on Fault-joint Segments

The three fault-joint segments are distributed in three sections .
Total segment length is 55 feet (Table 7) .
The early conduits used N 60-75° E set joints and west-dipping
faults .

The conduits had three or four main spurs (Figure 69B) . Two

spurs were on the faults,
N 60-75° E joints .
main spur .
spurs

and one or two main spurs were on the

Where there was only one joint, there was only one

Where joints were closely spaced, the main spurs had minor

branching off .

The spurs

of

fault-joint segments were not

perpendicular to one another, as were the spurs of bed-joint segments
(Figure 68), except in cross sections drawn looking straight down the
intersections of the joints and the faults (Figure 69B) .
Early flow of ground water on fault-joint segments was probably
tortuous,

following curved

fault-joint

intersections,

perhaps

even

deviating slightly from the intersections to follow either a joint or a
fault .

However, at the scale of most midline diagrams, the fault-joint

midlines are best shown as being straight .
Spatial Patterns of Structural Segments
The identification and mapping of structural segments leads to the
reconstruction of a three-dimensional network of integrated fracture
conduits .

For

the

investigated

passages,

represented by the midline diagrams

of

this

network

has

been

Figures 52-69, and by the

midlines of segments on Plates 4 and 5 . These figures and plates show
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that the , individual segments
r

profile views.
terns.

,That

have

distinctive - geometries - -in

plan

or

The segments can also be linked in distinctive patis,

the,

segments

linkage . . In the following

can

exhibit

distinct

patterns

of

pages the more . important., spatial, patterns of

the, structural segments are defined., and illustrated . (Some of the
.MaxIen,fliurscHoCthvpyaiemlndrsoftuhceavlsgimndoTthbe1vlpmnofasge(lowinthdefnrchmt)aedisu nChapters5d6
patterns were briefly discussed in Chatter 2 pp . 71-76.) The
_v

and on bservations
.anlysibedonthas-f92trucalsegmn

of structural: segments elsewhere in the, North . Canyon, , the - Saltpetre

Plan Patterns
Plan-view midline patterns are

shown, in

Figure 70 .

Linear

.siOnfuoetapdrchlqunietgopsaflnkdregmitsvualrc segmntorupsflinkedgmts

Linear patterns

are essentially straight. Most are formed by

vertical fractures or by intercepts of fractures. In Snedegar cave,
linear patterns - are formed by joints, or by bed-joint and fault-joint
intercepts. If a segment is short or if it trends directly down the
dip of the fracture, a bed or fault segment may

have a linear pattern .

However, most linear segments are formed on isolated N .60+75° E set
joints or .their intercepts with bed partings or faults .
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Figure 70 .
Midline patterns of single or linked segments in plan
view . The en echelon pattern is shown with joint spurs in order to
-)emphasize .<. . he F:cuiwed, . . -offset.-_ _nature -::of :~-the 1,"inidline .: : -pattern.: .- For.
-_-'clarity;- _:,the` spurs are-- usually - omitted . - from ' midline diagrams of actual
segments.

195

Sinuous patterns are curved or winding ..-.In Snedegar Cave they are found only on low to medium dipping(.o:rpIaf3t0ui°ln)g,sbed

En .echelon patterns form where ,straight or ,slightly sinuous or
curved .joints .hook- into one another toward their lateral terminations.
This results in - offsets to the
(sinistral offsets) .

right (dextral offsets) or to the left

It should-,be remembered that joint segments on

N,,60-75 0 E . set joints are designated as either, zone segments or as
single-joint .segments depending on the available . evidence.The nechlonpaternca ref to helikedfractureswithnasinglezonesgment,ort separtelinkedsgmentsinwhic eithrzonesgmantsorsingle-fracturesgmentsare presnted .

Offset patterns form as follows .
mitted in one direction on one segment .
side on the next segment.

First, ground

water is trans

Then it is transmitted to the

Finally; the third segment transmits the

ground water in a direction subparallel to

the direction of- the first

structural segment. Typically, the middle segment is shorter, than the
end segment s . Thus, the .net .ef ctontheplanisaconsiten midlnedirectioniteruptedbyasidewaysofset .MOofsteupabd,rn-joistveynfpgmotsrucalegmnts

Drops, Lifts, and Loops
Extended profiles of midlines (Figures 52-59) show that most of the .asregTmhuntid, sareigul,wthreacs iorfalgduyorabptl

.Dzpro7n6eTAP)shltuamdifyc,gvneorshakbpuyldtifcoesw(arnpulm,tifvghbdeacrow,tmielynfodpwastrclvneizgo,tshracunde
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following terms describe this looping of .flow paths within the vertical
plane .
A reach of structural segments that loses elevation in a down-stream direction is a drop, whether or not
the
gradient
isaoccur
steep
71A)
.usually
that
gains
slevation
initare
apast
downstream
direction
is.71E)
a However,
lift
reach
heading
downstream
with
aoverlap,
lift
followed
by
aflow
horizontal
stretch
orthe
drop
is
anSince
loop
(Figure
71D)
regions
isotated
loops
Both
have
may
from
upper
one
geometry
and
another,
if(Figure
lower
horizontal
that
loops
may
requires
orA reach
extremely
orcontain
may for
even
low
high
begradients
points
nested
within
within
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low
parts
inone
points
volved
another
ofastudy
the
(Figure
.loops
(Figure
Upper
21)upper
upstream
and
lower
. of(Figure
Upper
the
loops
highand
highest
orunder
may
lower
lowA.be
high
from
point
on
vertically
within
any
given
extensive,
flow
route,
high-dip
inpipe-full
order
fractures
water
to make.and
In
the
loops
.passages
the
these
water
must
are
be71B).
mostly
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Figure 71 . Midline patterns of single or linked segments in profile
view. UL = upper loop . LL = lower loop. (A) Two drop patterns. (B)
Two lift patterns. (C) An upper loop . (D) A lower loop . (E) A reach
containing a long lower loop with a. shorter . lower loop that_is nested
within it. -An upper loop partly overlaps the smaller of the lower
loops, and is nested within the larger lower loop .
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N 60-75° E set joints and faults or their intercepts.

These same

fractures- are usually components of prominent upper and .lower loops .
Levels of Structural Segments
A reach of structural segments (or a network of structural
segments in two or more sections): at approximately the same elevation
.twoThsiegmanulvtwheormalsybptfedinglacobrupt,shfwgadienroplft
forms a level
of_ structural segments, or .segment level .
.

;. . :,.

In structural set ings with prominent vertical fractures and near horizontal bed ing

aimportant
s age leve72Al . that
Whshowsether a lethreevel of ststructural
ructwo
tural segmentnot
s segments
and apassage
pas age ldistributed
evelto
coincide dephas
enconfuse
dons ontwothe tysegment
plevels
e of cavern not
development that.the
has These
taform
ken been
placsegments
e . concept
This po;iarent canenlarged
be il uimpeded,
stratedbyby dentrenchment
evelopmof
enlevels
tal scenariounder
sathat aretwoblevel
aseddifferent
on numare
erousand
examlithologic
ples fromof
Fseparated
riars Hsettings
oleaandstructural
Bone Normsingle
an.CaveInsysteFigure
ms . Fi72Aguby
re 72aA srelatively
hows thare ssegments
tructvertical
urinsoluble
al segments distriperching
buted on two sebedgment lwith
evelshaft
s level
. Thesebetween
segments the
are theenl.argesegment
d by entreconcept
nhas
cIn
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ent under twoFigure
dif erent formed
lithentrenchment.
ologic setof
ings . 72C
In aThe result ,.
It is pentrenchment
Figure
is
levels
the
passage
(located
retards
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Figure 72.
Segment - and passage levels .
SL1
segment level 1 .
SL2 = segment level 2 . . PL1 a passage level 1 . PL2 = passage level 2 .
PL = single passage level . The two- -levels of structural segments of(A) could be :.enlarged, into.--the two passage.,. levels of (B) : or _the single
,"passage. - level Of . (C), depending depending on the etnylparsgomf,htie
for enlargement, and the relative solubilities of different rock
layers.
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For .,the - investigated passages, . the midline diagrams of Figures
52-59 .and

Plate 4' show -that, structural segments range in elevation

from about 5 to 50 feet below-the elevation of the survey datum at the
Swallet . entrance .

To identify levels

range of 45 feet was

of .structural. segments, this

divided into nine five-foot intervals .

The

midline length of structural segments in each interval was obtained
from .the midline- profiles .

A histogram summarizing the results of

these tabulations is given, in Figure 73A . The histogram shows two
levels, .of

:structural segments . Level l segments have midline

elevations ranging . from 5- to 25 feet..below
. Level
2 segments
A .gapdatum.
of 15.feet
separates
the
.range -from - 40 to 50 feet below datum
levels.

Four

sets of

connecting segments

connecting segments fall in this gap .

are in sections

The

3, 5, X, and Z, and consist

entirely of N 60-75° E set joint segments .
Level 1 structural segments have a vertical range of 20 feet .
Because most of . the sections- are ungraded one might expect this large
:range to . be a .result of looping on- the profile.

However, that is not

the case. The range is rather due to the fact, that level 1 segments
formed on or close to bed parting S .

B8 descends at an average of

about three degrees over. .the region containing the studied passages
(Plate 5 ; Plate 4, profile PI) .
Of the 1060 .2 feet of structural segments on level 1, 721 feet
(68%) are developed on B8 or its intercepts with joints . Deviations
from BS, sum to 339 .2 , feet on joints, a fault, and a few minor bed
partings. All of

the

deviations are below B8

and the distance

(A),' Lengths of',
Figure 73 .
The y levels 'and lithologic positions of the structural segments.
(B) Lengths of
structural segments in five-foot intervals below datum : at the Swallet entrance .
structural segments in five-foot intervals of unit F of the Union Limestone .
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:between them and B8 .i s never more than 5 feet.
To
quantify
deviations,
11 groups
segments
loop below
have a lengthThe
of
5 feet
or more were these
identified
(Table 8).
Eachofgroup
wasthat
divided
intoB85 and
footwhich
increments.

vertical distance (to the nearest 0 .5 fe t), separating the mid le points of the increments from B8, was measured of the (original 1 :240 scale) midline profiles of the sections shown in 52, 53, 5 , 56, 57, and 58 . This gave a data set of 64 increments sum ing to 320 fe t . (About 19 fe t of structural segments barely deviate form B8 and were left over as extra increments les that 5 fe t long ; they were omit ed from consideration .) The average deviation of the increments from B8 is 2.8 fe t, a low figure that is misleading .

Another measure of the deviations; the maximum deviation from B8
for each group (Table 8) ; gives
looping of the flow paths .

better idea of- : the relief . for - the

Eight .of the 11 groups have a maximum

deviation of 3 . feet or greater .

The average of the maximum deviations

is 3.4-feet.
:-Level 2 structural segments .have a vertical range of 10 feet .
However it should be noted that- the downstream terminus of the studied
passages was arbitrarily chosen at the end of - section 1l within Canyon
2 of the North Canyon trunk . Were the study expanded to include
passages farther downstream,

then the

range

of level 2 structural

segments would be increased to roughly 68 feet below the entrance datum
(as . measured at the Fault Room;

Plate 4; profile P5)

At -the Fault

Room a drop down a fault leads to a third level of structural segments .

TABLE 8
GROUPS OF LOWER LOOPS DEVIATING BELOW BED PARTING 8 (B8) ON LEVEL 1
.

F

Deviation in Feet Below B8 of
the Middle ofthe Increment *

Maximuni
Deviation (FtJ

Section

Number of Increments
FiveFeet' or Lonqer

M

4

4,4,4,2

4

2

M

3

2,3 .5,2 .5

3 .5

3
4

M

'2
1

Group

1 .5

N
6

8

2,3 .5,4 .5,4,4,3 .5,2 .5

3 .5
4 .5

7

1 : 5 # 4, 4, 3, 2 . 5, 2,1

4

7D

5

2 # 2 , 3, 3,,4

4

8

7B

5

;2,2#1
L2

2

9

7C

6

3

13

5

10'

M

10

11'

N = 64

2" 1,1 :5,2,3,3,~,3,3,3,3 .5

2 .5
1 .5,3,1 .5
2,3 .5,3 .5,3 .5,4,4,4,4 .5,4 .5,5
Average' Deviation = 2 .8 Ft
Standard' Deviation
(of the Deviations) = 1 .1 Ft

* For each group of increments, the increments are listed
ih ."order, beginning - with the farthest upstream increment
and continuing downstream within the section . For
prbf iles of the sections, see Plate 4 or Figures 52-53
and 55-58 .

Average
Maximum
Deviation
= 3 .4 Ft
Standard
Deviation of
the Maximum
Deviations
= 1 .1 Ft
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-,:~i

Of

the 255 .5 feet of structural segments on level 2, 141

(55.5%) are on faults or fault-joint intercepts .

feet

The rest is mostly

on joints, although there are a few segments on B12 and intercepts of
B12 with joints . Thus level 2 structural segments are not closely
concordant . to any single bed parting (as are level 1 segments) .,

The

midline profiles . of Plate 4 'show Level 2 segments in . sections 11, 9A,
9B, 9C, 9D, 10, 8, Y, V, and
these sections,

parts of : sections 3, 5, X, and Z .

structural segments

exhibit

Over

much looping, with lower

loops having a maximum relief of 8 feet .
Positions of 'the Segments in Unit F
:The strong concordance of level 1 segments to B
.8 is reflected in
the histogram of Figure 73B, which shows the locations of the structural segments in unit F of the U nion Limestone .

This :histogram was

prepared by summing the lengths of structural segments lying within
Five 5-foot intervals -of unit F.

25 feet down

to

The intervals start at B8 and extend

the lowest structural . segments investigated .

The

histogram shows - that 1069.7 feet (77 .4%) of the segments lie on or
within 5 feet of B8.
B12.

However it

Another peak with 176 .6 feet (12 .8%) is near

should be noted

significant length in these structural

that B12 is

not used for any

segments .

Also, it should be

stressed that the segments of level 2 that are exposed in the study
passages represent only a part of the actual segments of level 2 .

The ch.w:taehriskcognmfudlyvFxte2p r73ownsdcahmge

205

CHAPTER 5
ENTRENCHMENT: SOME FEATURES
AND
INTERPRETATIONS OF THEM

Introduction
Chapter 4 identified . the structural segments of each section of
the investigated passages .

It also described the morphology of the

pre-entrenchment conduits for each type of structural segment .

The

early conduits consisted of small ungraded tubes and fissures that were
linked in a variety of patterns on two levels .
The remaining task is largely an interpretative one .

The task is

motivated by such questions as the following :

How were the early

conduits linked to form integrated flow paths?

In what sequence did

linkage occur?

Were all. sections (Figure . 51A) linked before the onset

of entrenchment anywhere in the network, or did some sections develop
later?

Finally, how were the early flow-paths enlarged by entrenchment

to form the modern passages?
The interpretation begins with a general account of entrenchment
and its features.

It continues with a description of some of the main
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. of, entrenchment in Snedegar Cave
features

The

features provide

evidence for a number of critical events in the history of - the flow of
ground water and conduit enlargement, as explained in this and the
following chapter .

Entrenchment
Scope of the Concept
Under the influence of gravity, vadose streams flow downhill .
from a

They are deflected
effect of

vertical flow

direction by the perching

e surface upon which flow takes place.

a closed basin
th
there is ponding.

Where flow is into

If discharge is sufficiently large so

as to overcome any losses from evaporation, storage in sediments, or
leakage into fractures exposed on the floor, overflow then occurs at
the basin's lowest open point . Because vadose streams flow within the
bottoms of their open channels, enlargement is mostly on the floors by
. Downcutting is not the only mode of enlargement effected

downcutting

.fiadT,vmtIsbluehcony`rpz(wiabctlsohpefrndvmwga)eyoitchul-rfbdnkoymetihsclaudn,'
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Some Features and Processes

Entrenchment produces a variety of features .
entire passages,

On the scale of

entrenchment by vadose streams produces canyons . In

this study, any passage whose floor has been entrenched and whose
volume can be attributed primarily to . processes of entrenchment is
judged to be a canyon . Most . canyons in Friars Hole Cave system have
height-width

ratios that, are

highly

variable

along

their

lengths .

Typical values range from 4:1 to 10:1 . Height-width ratios decrease
where collapse, exfoliation, differential dissolution associated with
variations in

lithology,

or other f actors

have

increased

passage

widths.
Within canyons, entrenchment produces
cuts,

meanders,

trenches, notches, under-

sinuous cross sections potholes, bedrock pans and

basins, ledges, and other features (Bretz, 1942 ;
1971 ;

Sweeting, 1972 ;

Ford, 1965a ; Jennings,

White, 1982) . . The study of these features is

in its infancy. . Nonetheless, considerable sense can be made out of the
_factors . and - processes -. that

influence

the form,

distribution,

and

genesis of features of entrenchment . Consequently, the features can be
useful in interpreting cavern history--- history during and (see below)
even before the-onset of vadose enlargement .
Entrenchment can operate by downcutting alone, in which the stream
merely

incises

the

floor

of

the

conduit,

using

dissolutional

or

abrasional removal of bedrock . More often, downcutting operates along
with other, modes of enlargement, such as lateral undercutting (Bretz,

tog

1952;

Jennings,

1964, 1971 ; Jones, 1971 ; Ewers, 1972).

It should be

remembered that, in caves, enlargement of conduits encompasses processes of chemical alteration, fragmentation, and removal of bedrock .
Hence collapse, exfoliation, gypsum crystal wedging, weathering of
clay minerals, and a variety of other processes can contribute to
entrenchment.

Which modes of enlargement or processes contribute to

entrenchment over a given reach of cave depend on a number of factors
whose influences have received little study . The factors include the
gradient of the perching surface, bedrock lithology, discharge, and the
sediment load.

Observations in caves of the eastern United States,

Texas, and Mexico, combined with a review of recent literature, suggest
the following generalizations .
On low gradient reaches, lateral undercutting may widen conduits
as walls are locally undermined, producing undercuts, notches, and
ledges .

Lateral undercutting is common where clastic sediments armour

the floor and direct the flow of water against walls (Jones, 1971 ;
Ewers, 1972) .

Lateral undercutting is also common where collapse has

blocked parts of the floors of conduits with breakdown (Werner, 1972 ;
Ewers, 1972) .
As the gradient of the floor increases, lateral undercutting is
less

likely .

Instead,

splash,

spray,

and

film

processes begin

to

influence the manner in which bedrock is removed from the walls and
floors

of

canyons.

Also,

as the

velocities and stream competence .

gradient

increases, so do flow

If clastic sediments are available,

abrasion and scouring may become important (Newson, 1971) . Potholes,
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bedrock pans and basins, and a variety of types of ledges may form.
Ford (1965a) describes potholes from the Mendip caves in England .
As the gradient of the floor increases over about 45 degrees,
splash, spray, and film processes may predominate in the enlargement of
conduits

et al.,

(Brucker

1972).

Chimneys,

vertical shafts,

and

features associated with them begin to appear as the floor= gradients of
the pre-entrenchment conduits approach 90 degrees. At low discharges,
descending water may form thin films that carve flutes on the sides 'of
vertical
1972) .

shafts,

or

that

plane

off

(Brucker et

projections

al.,

At larger discharges, or as shaft height becomes large, sprays

or waterfalls may carve bedrock pans and basins, or even deep potholes
at the bases of shafts . Finally, vertical shafts are often transformed
into

canyons

capping

through headward erosion

beds

unless

relatively

insoluble

clastic sediments form perching surfaces at and

or

upstream of the lips of the shafts . Accounts of the processes of shaft
formation and the morphologic features associated with shafts appear in
Pohl

(1935,

1955),

Merrill

(1960),

Reams

(1965),

and

Brucker

et

a l . (1972) .
Features Expressing Relief on the Walls of Canyons
In canyons, variations in passage width are often expressed by
distinctive features on the walls . The features may express positive
relief

(ledges,

various projections)

or

negative

relief

(undercuts,

notches, various hollows and indentations) . For present purposes, the
least important of the above features are the minor projections of

2 10

relatively
chert

insoluble

nodules,

or

material that
fossils

cavern setting .

In

retative

Also

and

value .

indentations

(Figure

consist
74) .

the investigated

that

solubilities (Figure 75) .

little

of

appear

of
These

passages

concern
where

clay

here

seams,

may

stylolites,

project

they have little
are

adjacent

the
beds

minor
have

in

any

interpledges
varying

In contrast, the most important features are

the extensive collections of

indentations, ledges, and projections that

form undercuts and notches .
Undercuts, Notches, and Features Generated from Them
Morphology and Genesis
Undercuts and notches are common in canyons, where they are
associated

with

bedrock meanders

(Bretz,

1942) .

Bretz

briefly

describes notches and discusses their significance as vadose features .
He uses a different terminology, however, distinguishing "horizontal
grooves" and "ridges ."

Jennings (1971) depicts similar features and

calls them "channel grooves ." White (1976) calls them "horizontal wall
grooves ." None

of

these

studies

fully

describes

the

features.

Observations of undercuts, notches, and bedrock meanders in Friars Hole
Cave system suggest the need for a more complete description . A
complete description, however, is beyond the scope of this study . The
following account concentrates on those characteristics of undercuts
and

notches that are relevant to the interpretation of the North

Canyon .

Figure 74 .
trench in
Cave .
I
stylolitc
across the

Minor projections of relatively insoluble
unit B of the Pickaway Limestone, in the
= fossil fragments .
2 = clay scam .
3
that trends subparallcl to the N 30-45
clay scam above position 4 .

material . The photograph shows one wall of a
canyon leading to the Pool Room of Friars Hole
4 = bed-perpendicular
= bed-parallel stylolite .
E set of systematic joints ; the stylolite cuts

21 :

Figure
75.
Minor
ledges
associated
with
relatively
insoluble
argillaceous interbeds in the Union Limestone . The photograph shows
part of a floodwater maze near the entrance to Cutlip Cave .
Argillaceous interbeds (c) contain illite and kaolinite clays ; the
surrounding bedrock consists of purer oosparites and biosparites . Note
extensive scalloping (s), enlarged joint spurs (j), and the end of a
stick (st) jammed into a joint spur . The stick is flood debris . It is
essential not to confuse the indentations between the argillaceous
interbeds
with
undercuts
and
notches,
which
sometimes
are
morphologically similar .
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The morphologic features of undercuts and notches are summarized
schematically in Figure 76 . Photographs of the features from Snedegar
Cave appear in Figures 77-80 .
Undercuts and notches are formed by curved bedrock surfaces .
Figure 76A shows an idealized undercut as seen in cross section . The
cross section is drawn for a passage bend at which a bed segment has
been only slightly incised . On the outside of the bend is a cusp and
an undercut surface.
the undercut.

Together the cusp and the undercut surface form

The cusp forms a rounded or sharp edge or projection .

The undercut surface forms an indentation. This surface has an upper
region where the surface has a low angle relative to the horizontal,
and it has a steeper region where the angle of the surface increases
downward .

The undercut surface may terminate downward at the floor

(Figure 76A) or at another cusp (Figure 76B) . Where undercutting has
been extensive, deep undercuts form ;

undercut surfaces may then

terminate by passing into the tops of ledges (Figure 76C) . Figure 76D
shows an idealized notch in cross section .

A notch consists of an

upper cusp, an undercut surface, and a lower cusp or a ledge . Cusps,
undercut surfaces, notches, and ledges extend from a few to several
hundred feet along the walls of canyons in Friars Hole Cave system .
Free-surface streams shift their positions and directions of flow
as

entrenchment

influenced
pre-existing

by

(1)

bends

progresses
the
in

In

helicoidal
.
the flow

caves,

such stream

pattern
path;

of
(3)

turbulent

shifting

is

flows ;

(2)

obstructions caused by

collapse; and (4) sediment armouring (Ongley, 1968 ; Deike and White,
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Figure 76.
Undercuts and associated features in cross section .
(A) An undercut (outside
B = bedding plane parting .
J = joint .
of passage bend) and a convex surface (inside of bend) . (B) Series of
cusps and undercut surfaces . (C) Undercut surface passing downward
into a ledge within a wide trench . (D) Notch .

Figure 77 . Undercuts above the First Log Jam in Canyon 1 . The view is obliquely up and upstream,
from the wide trench into the narrow trench . The scale has a length of 0 .62 feet ; it is jammed
C = c usp .
NT = narrow trench .
SWI = surface of widening 1 .
within an undercut surface .
U S = undercut surface .

Figure 78 . Notches, ledges, cusps, and undercut surfaces in Canyon 2 just downstream of position
_SQ.
The view is downstream .
NT = narrow trench .
SW2 = surface of widening 2 .
L = ledge.
N = n otch . U S = undercut surface .
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Figure 79. Features of entrenchment in Canyon 1, near position 3,Q,.
The view is downstream. Note boulders of Webster Springs sandstone.
The boulder at x is a few feet downstream of a point directly beneath
3_Q. The boulder at y is in the foreground of Figure 80 . The black
lines outline surface of widening 1 (SW1) on either side of the narrow
trench (NT). US - undercut surface . N = notch . C = cusp .
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Figure 80 . Features of entrenchment in Canyon 1, near position 40 of
section 6.
The view is downstream .
J = N 60-75° E set joint.
NT = narrow trench.
SW1 = surface of widening
1.
C = cusp .
US = undercut surface .
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Baker,

1973 ; Palmer, 1976 ; Smart and Brown, 1981 ; Jones, 1971 ;

Ewers, 1972) .

The stream shifting directs water to one side of the

1969 ;

passage,

which

then

becomes

an

outside

bend,

for

all

practical

purposes, whether or not there initially was a bend in the passage .
Lateral undercutting and downcutting combine to carve the undercuts and
notches .
In Snedegar Cave, undercuts and notches are best developed on
reaches where the pre-entrenchment flow paths were sinuous (bed
segments or fault segments) or where offset midline patterns created
bends in the early tubes and fissures . For example, undercuts and
notches are well developed in the trenches below bed segments 35-36 and
40-3 of section 6 ; bed segment 3-4 of section 1 ; bed segment 11-12 of
section

M;

bed segment 22-23 of section 3 ; fault segment 50-51 of

section 8 ; and fault segments 52-57 and 58-59 of section 11 . Undercuts
and notches are also prominent below the offset midline patterns of
segments of section 3 . At all of the above locations, the trenches are
themselves sinuous in cross section, and contain reaches with bedrock
meanders .
Examination of bedrock meanders in Friars Hole Cave system
suggests the following generalized model for their development . Figure
81

shows,

at

the

top,

a

plan,

cross

section, and profile of an

initially sinuous tube on a bed parting . (Similar models could be
drawn

for

patterns .)

fault

segments

or

for

segments

with

offset

midline

Beneath are plans, cross sections, and profiles for three

stages of entrenchment . For each stage, the shapes and locations of
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Figure 81 : 'Model for the 'development''- of bedrock meanders. Top : The
hypothetical' early flow : path.-is a sinuous tube , on , a -bedding plane - parting . - (bed segment 1-2). -- Beneath the early tube :
Three stages of
Undercuts-form, on . - outsides of bends, leaving 'cusps .
entrenchment.
Cusps die out into convex surfaces (CS) on insides of bends. Gaps
appear between cusps where cusps did not form, or where cusps have been-destroyed . . The-dashed. lines . on.- the plans of -the second and- third stages of entrenchment show the positions of the walls of the initial .trench :HTei=ghtof -anotch,as-meurdbythvicalseprton

.,JctWeen. two- cusps.

For- :explanation ; see text.
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undercuts notches of cusps are
comment
Synchronously formed cusps and undercut surfaces often can be traced over considerable distances, even where gaps of a few tens of feet interrupt their continuity

indicated .

Several features deserve

. The tracing relies upon the tendency for the vertical separations between cusps (the heights of notches, Figure 81) to remain constant from one notch to the next one

. First naygivenstage,cusp andu ercutsrfaces r discontiuosalongthepas ge . Undercutson utsidebanksofbends ieout rpas directlyintosm thconvexsurfacestha form nisdebanksof thenxtbends ownstream . Thisd tribu on fcusp andu ercutsrfaceslavesgap intheirposit nsa plotedinplasorp files . (Ifshouldbenotd hat ecusp haveb nprojectdont he xtnde midlneprofilesofthecanyos,therfoeth ruelngthsofthecusp andthegapsdontshowupontheprofiles .) Second,throug time h paternofthedistrbuion fcusp,undercutsand otchesi translted ownard ownstream ndlaterly . Thistransltionresult inatend cyforthedvlopmentofsinuoscros ections(otfulydepictd),asumingetrnchmet contiuesforanextnde priod . Thistransltionalsogivesth pas gean pearnceoftruemanderigforsucesiv planviewstha redawnforwal posit nsoftheactively nargin base ofthe rnches . Inpas ge whrescalopingor ther videnc of lwdirectonislackingorambiguos,thedownstream ndsieways hift ncoduitsnuotiy suefl, oritprovidesareliabeindcatior fthedircton f vadoseflow(White,1982)

.

-
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downstream:. Also, cusps have profiles that are pearly at grade .

Many

Within each such group of cusps, gradients are nearly equal . The cusps are discordant to bedding ..
cusps can be correlated with synchronously formed cusps by projecting profiles across regions where cusps never formed, or where they have been destroyed .

Estimates of the gradients of 22 cusps in the North Canyon and the
Headwall Passage were made after measuring the lengths of cusps with a
fibron tape and obtaining their elevational drops with a U-tube .

The

gradients (Table

The

are low

.ranging from 0.41 to 283 degrees.

The mean gradient is 1.04 degrees. Where it was possible to correlate c.u.sps across gaps, gradients were obtained for separate cusps that are believed to have formed synchronously .

Relations to Lithology

Throughout Friars Hole Cave sy tem, undercuts and notches are wil dev loped, in the pure biosparites . o sparites and micrites of the Union and Pickaw y Limestones, particularly wher bed ing is mas ive. Undercuts and notches are po rly dev loped or are absent wher bed ing is het rogen ous and argil aceous and pure units alternate in thin beds . Inclay-richunits,espcialythosewithexfoliaton,cusp and otchesare xtremlyrae . This lack of cusp and notches in the clay-rich units is most ap arent on the outside banks of major pas age bends in which lateral undercut ing has be n extensive . For example, many canyons in the Pickaw y Limestaone (in lower To thpick Cave, the
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TABLE 9
LENGTHS AND -GRADIENTS OF 22 CUSPS IN

Type of
Cusp

Length .: Gradient
Feet
(Dedrees),

Number

S ingle"` •

:~ 1 -,- ~_

:Group *'* v.Oriw ,y
= Group

'2A'

-14 .3 .

ZC

Mean Gradient
For Groups

- :1-.61 -

1 .
_ 1 .33
0; y , . ; t.25
"2A :0'
1 .29

SNEDEGAR CAVE

Location
.Canyon 1

1 x 29°

Canyon 1
Canyon 1
Canyon 1

' 0496 °

_Canyon 1
-_'Canyon'U
Canyon 1

0 .97 °

Canyon 1
Canyon 1
Canyon 1

Canyon- 1
Group
Group
:Group
4

-

<4A 9 . D ' . . - ' 1 .15
-4B.3.6 ..2 . . . , ' .0. .89 4C
- _ :26 .13
0 .83

_Group _ '._ . . SA .
Group
5B-Group
5C

i

.10 .5 - _ .
9 .57 -9 .5

0 .93
0 .78
1 .21

Single

6

16 .2

2 .83

Group
Group
Group

7A
7B
7C

18 .45
8 .5
10 .2

0 .78
0 .84
0 .84

Group
Group
Group
group

8A
8B
8C
:_ 8D

12 .9
12 .55
21 .95
35 .0 -- . ; .

0 .67
0 .68
0 .78
.A . 76

Group
:" Group
Group

9A
-9$
9C

Mean length
Standard
.-Deviation-

.M

.11.25
9 .7

-13 .6- ft
,- -A.8 f-t-

.0 .-41
-' 0 .48
0 .41

SMP***
0 .82 °

0 .72

0

0 .43 °

SMP
SMP
SMP
SMP
SMP
SMP
SMP
SMP
,-SMP
SMP

-Mean -Gradient - - 1 .04°
-Standard
Deviation
= 0 .61 0

* single .- isolated-- cusp .
** Group - .∎ set . .of- . isolated _Cusps believed to have formed
simultaneously .
*** SMP
= Saltpetre Maze Passage
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Rubber Chicken Highway. Mauck's Discovery of Friars Hole Cave, A Neasy Strole and McKeever's Passage in Canadian Hole have prominent undercuts in the purer units, but lack undercuts in adjacent clay-rich units .

In the North Canyon, heterogeneous lithology - appears to have
inhibited the development of . cusps and notches in part of Canyon 1
(Plate 6).

The affected reaches . are near the top of Canyon 1 in the

narrow:. trench, near junction

1,2,5

(position 8 .)

and along parts of

.secRMHtaimnroy,up1fhd5lscotaeyrbinmulspdaertoinuFhfclayenbiomLrts (Fgue31)

Distribution near the Paleoshafts
Undercuts and notches, in the top few feet of the trench of Canyon
B of the Headwal Pas age extend downstream continuously ( excluding the short gaps described above) below bed segment 23-24 of section 3, clear to the top of the First Paleoshaft (Figures 82, 83) . Undercuts and notches in the top few fe t of the nar ow trench of Canyon 1 of the North Canyon extend continuo sly through the final downstream reaches of section 5 to the top of the Second Paleoshaft (Figure 84, Plate 6)

. The paleoshafts lack undercuts and notches . Instead, vertical y oriented flutes ap ear on the wal s of the paleoshafts . The flutes have be n partly destroyed by flo dwaters and by condensation weathering . Flutes also ap ear on the wal s of the two canyons in the
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Figure 82 .. The First Palcoshaft (PI). The view is up toward the top
of the paluoshaf at 23 Flow . in section 3 was along bed segment 22-23
ceiling), then down joint segment 23 24. The joint is at J Position
islabeled -because of the pro
24
not
.:swaitdr;obepThfSLvlungcjmy(F)J,twehodrafpuln_e
Pasgerowbyhad etr subparallel to- the fault are libeled "f" . Canyon B of the Headwall
from an early shaft over joint segment
23-24.-now(Cefaul)srtphdc aperonth
the ceiling they extend clear to the top of the paleoshaft . Cusps at
lower elevations (Figure 83) do not extend as far - downstream . Instead,
there is a region of no cusps (nc), which has vertical-fluting (Figure
83). The log is debris from flooding ; it is ja-mmed into a fault spur
on the right, and at a joint spur at X on the left . Flow ' from 24 was
down Offault-joint
the ceiling fissure
segment
and 24-50 of section 8 using the joint at
and narrow trench below joint segment 32-24
XPart
.isTvhebldroactkfngw(BF)ilhocatesr32pgahwitrespcoh tgrapofFiue83
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I

Figure 13 : View- of Canyon B of the Headwall Passage. The view
obliquely up at the reach just upstream of the First Paleoshaft (P1),
in section 3 . The bedrock flange of Figure 82 is at BF. Cusps above the flange extend- downstream to the stop ., of the First Paleoshaft Cusp at he lev l of the flange die o.utalinFt=f oflutie .C=cuspVFvertical
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Figure 84. View of parts of the Second Paleoshaft and Canyon 1 .
view is obliquely up to the top of the Second Paleoshaft (P2) at 28 . Early flow was along B8 on bed segment 8-28 of section 5, then down joint segment 28-29 . Position 29 is to the lower left, out of view .

The

Cusps (C) and undercut - surfaces in the top of the narrow trench extend
downstream all the way to the paleoshaft . A few feet lower, just
upstream of the paleoshaft, is an area of no cusps (nc), in which
vertical flutes are present ;
these flutes are only faintly visible
here, because of condensation weathering, the action of floodwaters,
and their distance from the camera (about 20 feet) . The flat wall at jw is. a joint-determined wall .ColapsengN60-75ºEsetjoinrmvdpatsofherliwasofthecny
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first 10 or 15 feet upstream of each paleoshaft .
Observations fthedistrbuions ftheundrcuts,notches,and flutes narthepaloshaft suget .FtihgeuALrTsfaol85wnytpesrdhigfaowlbn tcsupeagdrhoifn(,mwbtlcseurahdpionfCmytvle)6shcainfp,odltrehgsacnywofiuedhr,tscmaplenydrioFchgusw85tadrblienohfsmtardwnem

Distribution in Trenches below Upper and Lower Loops

Figure 86 is an idealized repres nta ion of the distribution of undercuts, cusp , and notches relative to the lift and rop segments of a typical set of up er and lower lo ps . The fol owing is pertine t . (1) Those notches and undercuts that lie ben ath the segments of the up er lo ps have levations that are higher than the levations of parts of the half tubes of adjoin g lower lo ps . For example, cusp A is higher than al of the half tube of bed segment 1-2 . Cusp A is also higher than most of the half tubes of joint segments 2-3 and 4-5, and is higher than al of the half tube of bed segment 5-6 . (2) Such notches and undercuts, as are il ustrated by cusp A, B, and C have
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Figure 85. Hypothesized earlyganrdowStehc Fis
Paleoshafts . The paleoshafts grew

initially

as

joint

fissures that

transmitted ground water from segment level 1 to segment level 2 (see Chapter 6) bfeo.Aincstarmuh, joint
vertical shafts . The shafts had flutes on their walls and basins at
As entrenchment lowered the floors of the bed
their bedrock
conduits
on the
bases.
upper passage level, undercuts and cusps were carved .
Flutes formed on shaft walls. Headward retreat and lowering of the
.farthesup mndigratefhupsramentch progesd
lips of the shafts resulted in an upstream migration of the farthest
downstream points of cusps, producing the pattern of cusps shown . As
headward retreat progressed, basins deepened and migrated upstream.
Originally, tubes and fissures drained the shafts . However, as the
shafts were transformed into paleoshafts, the drains became canyons .
Undercuts and cusps that formed in the drain canyons had their
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Figure 86. = Model of the distribution of undercuts and notches, ryas
represented by cusps, relative to the lift and drop segments of a
typical set of upper and lower loops. The - initial- {hypothetical) flow
path was on tubes and fissures along bed segment 1-2, joint segment
2-3, bed segment 3-4, joint segment 4-5, bed segment 5-6, joint : segment
6-7, and bed segment 7-8 . Entrenchment - carved -undercuts and notches, here represented by cusps A-F .Forexplanti,sex
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cusps

that

slope downstream at low gradients . The cusps terminate at

the half tubes of the drop segments :in` -a downstream direction .

For

example,cusps A, B; and C terminate - downstream at drop segment 4-5 .
The cusps also terminate at the

half tubes, of the lift segrnents in an

upstream direction . For example, cusps A, B, and .C terminate upstream
at lift segment 2-3 .
below

the

lowest

(3) .Those notches and undercuts that lie just
parts of

lower loops . extend

the

continuously

(disregarding the usual gaps on synchronously forming cusps) across the
trenches beneath the upper loops.
from beneath

bed segment

For .example cusps E and F extend
across

but below

the

upper

lo p, downstream to posit ons ben ath 5-6 .i-aCEonrxfdeFymtgphluv2sw87BNobfrtAehanHdl8iw,sPpge

Figure 87A shows the approximate positions of several - cusps on the

north wall of

the narrow trench for a region just .downstream of the

First Paleoshaft. The Firse Paleoshaft formed on joint segment 23-24 (Figurs 82). Fault-joint segment 24-50 of section 8 tramsmitted ground water downward to position 50 ; past 50 is a lift on fault segment 50-51. Above

fault-joint segment 24-50 is a
fissure (Figure 88) .

smooth-walled joint

The fissure is believed to have - formed . - before - the

onset of vadose flow .

The fissure lacks- undercuts even where its

walls are lower in elevation than nearby walls of the narrow trench below the fault-joint segment.
The undercuts of the narrow trench terminate in a downstream direction near the former intercept of the

2 32

Figure 87. Approximate projected positions of cusps on projected
profiles of parts of Canyon 2 and Canyon B. (A) Cusps on the north
wall of the narrow trench below (drop) fault-joint segment .24-50 .
Compare with Figure 88 . (B) Cusps on both walls of the trench of
Canyon B between . positions 26 of section 4 and 13 of section 3.
S3 = section 3, S4 = section 4, S5 = section 5, S8 = section 8, SW = surface of widening 2 .
For explanation, see text
.
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Figure 88 .- Canyon 2 downstream of - the First Paleoshaft . The view is
upstream, to the east, along fault-joint segment 24-50
The caver is
standing below a:owPtheiIrbfdsv,
position 24. The photograph of Figure 82 was taken .from the position
of the caver. The Joint fissure (JF) above . the fault (F)

.lNuoratecTk8hs7Afpivbnodt(aC)pshewrniFgotalfhenrowtc
surface of widening 2 (SW2 on left and dashed white line on right) near
the floor. The wide region above it is not part of the wide trench,
but is a result of extensive undercutting (see - Plate 4, plan and cross
sections), followed by collapse along joints (fractured right wall) and
bed parting B12 . The wedge-shaped bedrock on the ceiling may be near
collapse. Similarly-shaped bedrock - masses appear . as breakdown near collapse.Simlary-shpedbockarsbekdownarpsit50
The- - photograph was
and farther downstream in canyon 2 .
taken from 50.
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fault-and the joint .
upstreamextend
againstfrom
the the
halfupper
tube ofto the
segment
the lowest
the .
floor
thelift
lower
loop .inFinally,
the lowest
part ofundercuts
of the near
canyon
The reach of canyon shown in Figure 87B includes parts of sections 3 and 4. Section 4 transmitted., ground water into
section 3.

The upstream segments of section 4 are -nearty horizontal ;

.y
.- They are followed downtstream by a lift on a joint segment
parting B8 at position -28. Position 28

to bed

is a high point; from it there

is a drop consisting of several bed and bed-joint segments that extend
down stream into section 3. Undercuts,. within the-:trench below the upper loop lie at higher elevations than the half tube of the lower loop . The undercuts terminate

•: From the above and other observations, the following conclusions
may be made
.

of the
First, entrenchment
creating
undercuts gradually lowered the floors
.
thelowringkpace,rbylow pscntiuedogrwastbendfiurseconditsfle-conduitfw

upper loops,

and

notches.

Second, while

The Transition from Tubes to Narrow Trenches

BCeolnswidthrafubWensdoithrNaewTncsotrhe(
pp . 41-44).

The narrow trenches average 1 .5 feet wide and range 0 .6 to

3.0 feet wide .
associated

Reaches wider than 2 feet are rare .

with

intersecting

joint,

spurs,

Such reaches are

variable . lithology,

or

235

.
Considering the relief provide by undercuts and notches, the nar ow trenches are remarkably constant in width . The greatest variations in width that are not as ociated with joint spurs, variable lithol gy, or col apse, are found on reaches with meanders . On reaches with wel -dev loped meanders, the wal s of the nar ow trenches are often ir egular in shape . The wal s take complicated shapes because the undercut surfaces and convex surfaces of the wal s curve in variable directions . Local y, undercuts ap ear on op osite wal s at nearly the same lev l, resulting in a slight wideni g .
The nar owest of the nar ow trenches have the l astvaritonsinwidth . Thes trenchesareonreachestha restraightontheplan(mostlyalongjointorbed-jointsegmnts,butalsobelowsomefault-jointsegmnts) . Aprominetexampleis nCanyo 1,section6,overbed-jointsegmnt37-8,jointsegmnt38-9,andbed-jointsegmnt39-40(Plate4) . Overthisreachanu sualgroupofnearlystraightN60-75ºEsetjointsextnde verticalybelowB8fordistancesrangi 10to15fet . Thenarowtrenchoverthisreachisconsitenlyonly0 .9to1.3 fe t wide. Undercutsand otchesarepresnt,but ndercutingisminmal . Whyistrench widthso mal? Whyistheundercutingso ubde? Whyisthenarowtrenchso traight?

The reach in question discharged into a sinuous narrow trench below sinuous bed segment 40-3 .52fteoTh0nuwairdcs ehmnwidrtofase0wtrnchamogtebsprvdofanyiC 1
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it is not pos ible to invoke increased diswithin
charge to explain the increased widths the
. Nor can variations inupstream
lithology explain the increased widths within the narsow trentraighter
ch of bed segment 40-3, for lithology ap ears uniformrover teach.
he reaches in question .
trenches

There are no tributaries here, so -

Another explanation begins with -

the observation
ment
occur

thus producing the observed features .
only

if entrenchment

was effected

that the unusual y straight zone of straight N 60-75º E set joints extended 10 to 15 fe t vertical y downward from B8 tc.hernouTgisfj axtewhndorcjuigsatenh-roldcwgnftierhv,adospblwntfyhiceusdbonpahrtwgescinFur79,80and3

Such confinement could
by low-discharge vadose flows . Ifthisnerptaion scret,hnitslkeythasignfcatmouns ofsmalcsti edmntswernotpesndurignaowetrnchmetalonghesraches . Hadtheclasi edmntsbe avilbe,thywouldhaveclogdthevricaljontsadirectdflowaginsthewals,producingreat undercting,reat wideng,adret variton width anisprent . InFigure89,th ypoesizd quencofdevlpmntofhenarowtench(blowed-jintsegm 37-8,jointsegm 38-9,andjoitsegmn39-40)iscomparedwith edvlopmentfhenarowtenchblowedsgmnt40-3 .
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Figure 89 Hypothesized sequences of development for cross sections of
the narrow trench below, two reaches in Canyon 1 . Top: sequence over
bed-j-.3s9eoTgih4mn0tbdp7a,r8 jointare
( 1) . At (2) is a cross section of the early bed-joint conduit, showing
stages
of
four spurs.
Cross
sections
3-10 show
successive
.
entrenchment
During most of narrow entrenchment (cross . sections 3-7)
-the-joint exposed in- the floor provides a weakness that is more readily
exploited
in downcutting than is surrounding massive bedrock .

Consequently, flow is constrained by the -straight joint which guides this process to work, the joint in the floor must be exposed as a joint
spur, and cannot be clogged with sediments . During the final part of
narrow entrenchment (cross . sections 8 and 9), the floor is lowered
below the joint. Cross section 10 - shows the canyon early during the
stage of wider entrenchment . Bottom : sequence over bed segment 40-3
of section 6. The bed parting is at (1). At (2) is the early tube .
Cross sections 3-9 show successive stages of narrow entrenchment .
Cross section10 shows an early stage of wider entrenchment . Most - of
the sinuosity of the canyon over bed segment 40-3 is found in the w ider
trench .
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Contrasts in S.urface Relief - and Texture
The walls and . .ceilings
typically
associated

rounded .

They

with tubular

of

the

half tubes

have the overall smooth
conduits

development (Bretz, . 1942) .

that

In general

are

and

fissures

surface texture

attributed

phreatic

to

surfaces curve smoothly

few of the abrupt or sharp edges typical of vadose features.
art absent or are subtle

features

are

with

Scallops

with long wavelengths (over 0.5 feet)

The walls and ceilings of the half tubes and fissures also have
Iess local relief than do the walls of the narrow . trenches, and so have
a more smooth appearance .Thetrncsap ougherinta
they are covered with

cusps undercut surfaces ; notches, ledges, - and

short wavelength scallops .
Some Effects of Condensation Weathering

Over many reaches, both the half tubes and the- narrow trenches
.bhyeavcnTodfirst uweaching
textures have been roughened by rivlet and drop
-crh.puoasntdLeliy(,Fgwh45r)ofn
and scallops.
Figure 90A shows . additional effects of condensation weathering on
scallops in Canyon 2 near the First Paleoshaft . The scallops are near
the base of the narrow trench at an elevation reached annually by
floodwaters. The_ scallops are about 4 feet
vertical, wall

well above

above the floor on a

bedrock that is liable to be

abraded by
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Effects of -condennsation weathering and flooding
Figure. 90.
scallops
(A)
Scallops in the narrow trench of Canyon 2 near
First Paleoshaft .Thearowindctsfl reiondugfrmation
of the scallops .
Scallop morphology has been partly altered
condensation weathering. Unaltered parts of scallops have smooth,
.andrivlet(R)p ns,whicareotlsufacebowrst(C)fomescalp
. Altered parts have white crusts formed by the dropdarksufce(S)

on
the
by
(D)

24 0

Figure 90 (continued). (B) . Model of flow dynamics used to explain
the distribution
of the rough surfaces of the drop patterns on the
.sep432ar=tliogndfwyhubeimcpngsoadiurfceothnxsalopdwtrem
scallops op.1CB(fulai=rnmt,beg974)0d
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bedload. Relatively dark, smooth surfaces appear on the ascending upstream sides of the scallop crests. Lighter, rough surfaces formed by drop and rivlet patterns appear on the descanding lee surfaces below scallop crests

The distribution of the drop and rivlet patterns may be explained
as a competition between condensation weathering and dissolution during
floods .
fall;

Condensation weathering occurs during the summer and early
flooding occurs sporadically with snow melt and rain in the late

.wintTehracodspg,nweithrudposbalmyienvthufromlynthescaop,buthedranivltpersa lctiveyrmodbnalproces falpormtindugflos

According to Bluniberg (1970) and Curl
(1974), scallops form under the flow dynamics shown in Figure 90B . Flow
- past the crest of the scallop separates at point 1, becomes turbulent
at 2, and impinges on the ascending surface of the next scallop downstream at 3 Dissolution rates are highest at point 3 , and least along

.thaTeupsf,rlowdynmitchaugeps rfthclouegdysna4pftheFidgruoa9n0Alvtpegiorsfuvatlngohei,wdrstublcanefoiwdrtympnfgleos,daithrmuensafdclitryegsonwfplacudertmiovnfshcpdatgernuombhlwgsicanpfroet,whluinaresc tinhelds
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Bed,b-joint,faul ndfault-joinsegmthaveminorspu devlop aterlyfomthebas cofndtuhiespr- cmnt
(Figures 61, 68, 69).

Thus there is a discontinuity in the transition

of conduit walls from the
trenches .

In

contrast, for

half tubes

to the tops of

many joint segments,

there

the

narrow

is a

smooth

transition of conduit walls from the half tubes or fissures to the tops of the narrow trenches.
.On Thesmot,cniuswalremotnicablsge-fractujoinsegmt,whreanomdiurlw-pngfacturesowhijntspurcoldfm

such segments the continuity of conduit walls from the half tubes to
the

trenches

is

considerable .

It

is

often

precisely at what elevations entrenchment began .

difficult

to

decide

The task is even more

difficult where the surfaces of the half tubes and the narrow trenches have been heavily modified by condensation weathering .

The Significance of Down-dip Shifting on Fault Segments

:240onbasemp),thlansoferycn.duiAtshealyvdcfnotrpiaes(1h .Intheivsgadp e,mostfharlyubesndfirwenao,ithwdsfonlyaewt .5)Centrlisa edrwnothcersfonduit parsofcnduit,aseonpl(Figure91A) Midlnesar theprsn ifedpostnfhearlyowpthsngfracueointpsfracue(Chpt2,

Figure 91. Relationships betwe n the centerlines of tubes and trenches relative to the midlines of segments . (A) Hypothetical examples of centerlines and midlines that coincide on tube plans . At the left are plans of a tube on a bed ing plane parting, showing the central positions of the centerline and the midline . At the right are cros sections, showing the central positions of the centerline and the midline . These. ne d. not coincide, butusual .y come close tocoinciding
for small tubes. (B) Hypothetical example in which the centerline of
the top of the trench coincides with the midline and centerline of the
overlying half tube . The centerline of the top of the trench can be
represented on the cross section by a vertical line through the center
of the trench. (C) Hypothetical example on a fault segment, showing
the down-dip shift (on the fault) of the centerline of the top of the
trench relative to the midline of the fault segment . The offset is
most easily seen on the cross section, where the midline does not overlie
the line through the center of the trench .
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coincide with segment midlines .

On many reaches of

segments (bed, bed-joint, joint, and fault-joint segments), the topsfhenarwtcslohaventrishacondewithmlnesoftgm(Fiure91B) .Thispaternofdvlpmtisnocharetiofaulsegmnthardevlopsubaretohsikfteauls .Instead,hcrlinesofth cpsarehiftd(lveothmidlns)arectiondwfaulps(Figre91C) .Inmostcaehifsaewnchbutimayesuch vralfet .Thedown-ipsfthgl etndcyofvasewtroflihnadefctisolunythebomfischanel .Thedown-ipsftuorhepviusamtonhearlyvdosfwhaldiscrge .Probalydischgewrbalysuficentovrhentiflorshetuband evlopigtrnchs .Onsegmtwihflaors,tew ouldspreatvnly .Thecntrlisofheptrncheswouldtfrmieclybowthmidnesf trucalsegmn(Fiur91B) .Howevr,nsgmtwihlangfors-uchanfltsegmdvopsubarletofsrike(Fgu91C)-thewarouldfithewn-psidofthecnuis,lavgtheup-dis ry

.Thecntrsofvadetrmswouldbeftinadow-prectinlavothemidlnsf autegmns .Thetopsf rnchewouldtsfrmbeowhcntrfevadostrm,inaofsetpin .

Such a developmental pattern is possible only if the discharges that effectively dissolved bedrock were small . The analysis does not
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assume that all discharges through the conduits were small---flooding
The

undoubtedly occurred.

argument, however, is as fol ows : morpho-logic evidence (discus ed above and later in the chapter) sug ests that only smal discharges (that covered the flo rs of the conduits to a shal ow depth) could have removed the majority of the bedrock during

narrow entrenchment .
discharges

within

These discharges may not have been the dominant

the conduits; the dominant discharges over long

periods of time may have accomplished little enlargement or even be n supersaturated with respect to calcium carbonate and thus be n incapable of enlargement et.Tfhrmciv-nlagdschre

discharges

therefore pr oposed
is

to describe the

that actually dissolved the bedrock td.Fhiuesrcfonv-lagi

discharges and hydrologic conditions during narrow entrenchment is
on pp. 253-254 .
From Narrow to Wide Trenches : Surfaces of Widening
Over most of Canyon 1 and 2 the narrow trenches average about
ofsdt.w1urie5nacTh m
widening

(Cha pter

2, p. 44) .

The surface of

widening mark the

r.Ttahnegswi6dofcmrtwidenchs
25 feet wide, and

average,

at

their widest,

12

feet . Over some

reaches, the contrast in conduit width is abrupt along the
widening.

surface of

In places the widening is gradual, for it is spread out over several undercut surfaces .
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Three surfaces
widening

l

is

of

widening

in Canyon 1.

Other surfaces of

are, shown on

Plate 4 .

Surface of

Surface of widening 2 is in Canyon 2 .

widening are in Canyons 3and 4 and_in many passages

in the Saltpetre Maze.

However, they are not directly relevant to the

development of the investigated passages and so - will not be discussed.
No recognizable surface of widening, has yet

been

located in the

Headwall Passage ; if one exists, it, is buried beneath the surface of
the clastic fill .
The surfaces of

widening re present undercut surfaces .
the

original undercut

: modified
the characteristics
by collapse ;ofparticularly
6).

near

There, densely fractured bedrock

surfaces

Locally,

have been

the S wallet entrance (Plate
lines the walls of the

wide

The affected region extends

trench below surface of widening 1 .

downstream from the Swallet entrance nearly to position 39 (Plate 4,
profile P1; Plate 6).

Within

this region, surface of widening 1

The unmodified undercut surface is best exposed along the north wall of Canyon 1 between positions 35 and 36, for this region of the cave .
iscloet syloitcbedpartingB9 cs.tdmleoiaOrIvyn7hkB,pcCeswoufradniltB9_ogherasncblow

(Figure . 92).

In the region of concordance, surface of widening 1 is a rough surface that is remarkably planar given the irregularities in the stoh.lufercgTaidnp

sections

7C;

7B,

and

6, is about

2.4

degrees,

as

estimated

from

elevations of the centerline through the base of the narrow trench .

The view is
Figure 92. Collapsed region of surface of widening 1 .
downstream, to the southwest, in section 7B in Canyon 1 near the
Collapse along stylolitic bed parting B9 has
Swallet entrance .
.
The
dashed line is at surface of widening 1 where
occurred at CSW1
widening is gradual along an undercut surface (US). Densely fractured
bedrock appears on both walls of the wide trench . The .narrow trench
downstream of position 43 . Note the
(NT) shows its normal width
sinuous half tube between 43 and NT ; the half tube is on stylolitic
N 60-75° E set joints . Note also the widened part of the narrow trench
in the foreground, upstream of 41. The widening is a result of collapse
following undercutting .
The cusp faintly visible at C terminates
downstream into the half tube of joint segment 43-44 . Early flow over
this region was just below B8 on joint segment 35B-43 ; the enlargement
on B8 at the ceiling occurred before the onset of entrenchment . For
further discussion of development in this area, see the discussion of
junction 7A,6D,7B,7D (Chapter 6), which is directly above the spot from
which the photograph was taken .
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Downstream of position 39, surface of widening 1 is an undercut surface below which conduit width often increases only gradually (Figures 77, 79, 93) . Maximum widths in the wide trench range 5 to 20
feet in this - region of - Canyon. 1.

Surface of widening 1

-

can be -traced

without difficulty through section 6 downstream of 39 as well as
through section 1 downstream -- to position 7 (Plate 6).
unit F .has beds with lenses of clayey biomicrites .
1 is poorly developed - here
and over part of segment

-

Surface of - widening

particuIarly below segment 7-8 of section 1

8-28 of section

It therefore i s more

5.

difficult to trace surface of- widening 1 .
.widening 1 can

Beyond 7, Union

Nonetheless, surface of

be traced over the final reach of section 5 to the top

of the Second Paleoshaft .
Surface of widening 2 (Plate 4 ; Plate 6 ; Figure 88) is

well

exposed over much of the investigatedp.ICtanriysof2med
. Below surface of widening 2, conduit
by a prominent
is usually
undercut
5 t0 10 surface
times greater
width

than in the narrow trench.

places conduit

-

width is 20 to

-

In

30 - times greater below surface of
from a, point near the base of the

widening
Second Paleoshaft,
2. The surface
where extends
it is partly obscured
the floor

,

.

by clastic sediments

to the end of Canyon 2, where it

dies at a drop segment on a fault (beyond position 59 the downstream
filling
basin downstream
terminus of the segment
analyses; see Plate 4, profile P4)
surface of widening 2 is near the base of unit F of
Limestone, itremanswith un Fthroug tislength .Surfaceowidng2sotcrdan ylithogcsubnredpatig

-

-

Although

the Union

Figure 93 . Surface of widening 1 between positions 39 and 40 in Canyon
1. The view is obliquely up and upstream, to the northeast . Position
40 i s directly above the position from which the photograph was taken .
Position 39 is at the location of the white square, which appears low
because of the angle of the photograph . Initial flow over this reach
was on bed-joint segment 39-40 . The N 60-75° E set joints extended
nearly to the base of the narrow trench over most of the reach and
constrained flow, resulting in a narrow trench that is narrower than
usual . The dashed line is at the edge of surface of widening 1 . The
widening is spread out over several undercut surfaces (US) to achieve
the maximum width of the wide trench . Compare this photograph with the
photographs of Figures 79 and 80, which show parts of the same
reach . C = cusp.
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.Flowdepthscuavbenomr

Thefolwingcusoaregtdbyhe(1o)sArvatinb4feThrctmlni(3,)sBoefdhkctuprvanlegisdow-ctjhra musfenvlbgoctairuesh(fndlckgtypuroswihelavftcormgiudlnesf),throaueigsmndowthenarow cs,thai ofendcultoisnghtepoinsawhcetrnmbga

2

5Ithas gradientofabut ;:.gahIrtsdienofbu ., -L0degrs .
-

I
I

It has a gradient of about 1 .0 degrees.
)ThTehnearwiodwtprevious
hrsenocfh otfhebehd-morphologic
ajlofintusbegsmeantd37f-i3observations
s8,ujroeisntasregmaepntr3o8xhave-i3m9a,taenldimplications
ybedq-ujaolintosetghmentwifor3d9t-h4s0 theiosfutnhuinterpretation
sh ap.earTshteo whiadvconditions
halesy asrteaofingehatrandlanydcvoeduring
nrsticanltytehnarrow
t6h0-e7i5r dlegrnegthsetajnod.inhtesiTheseghts .are:
(2()1Several
seuatlopysnaorfotwhe nar o.ofw Itrstheengcrohwethydrologic
ethbse onfcotnhsetrnainreatdowbytheturneunscuonset
xrtoeungshivoeutNentrenchment

I

I

discharges_. Rust-, hava., been small ., :,* glow dcpths.couid --have -been no 'more
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Than a few inches. Flow widths must have been sufficient, on the average, to completely cover the floors of the conduits.
(2) The above flow conditions must have continued throughout the stage of nar ow entrenchment . (Had ef ective enlarging discharges not covered the entire flo rs, on the average, then nar owing would likely have oc ur ed . Conversely, had discharges increased, then widening would have oc ur ed . Final y, had extreme variations in the ef ective enlarging discharges oc ur ed, then trench width would have be n more variable within the nar ow trenches .)
The distribution of cusThe
ps relative to the lipattern
ft and drop segments up up er and lower loof
ps (p . 2 8-23growth
4) indicates that fre -surface streamjust
s gradual y incised the fldescribed
o rs of the up er lo ps . During the incision, nearhas
by lower lo ps continseveral
ued to grow as tConduit
ubes and fis ures under conconsequences
ditions of closed conduit flow . The tubes and fisEnlargement
ures enlarged a.long their ceiliOne
ngs, wal s, and flo ris
s . In contrasthat
t, the trenches enlarged othe
nly downward . The trfloors
enDuring
cA
hes thus de pened durinSynthesis
g which timof
e the tubes andthe
fis ures increasedNarrow
thtrenches
eir cros -sectional areas . The cros -sectionaof
l areas of tubesupper
andEntrenchment
fIllustrated
is ures on lower lo ps areloops
slightly greater than cros -secwere
tional areas of tubes and lowered
fis ures on up er lo ps . :
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i.Alptfsnorhaewu lorsf
the process smoothed out and graded the f low paths during the sta ge of
in F
narrow entrenchment.

An example of the entire process is presented
Figure94show . 6, Chapter

;otherxampl94s dicuen igure

the hypothesized history of development of a reach of passage near the
Swallet

entrance

(sections 7B, ,7C, and

6

of

Canyon

1).

Before

describing Figure 94 in detail it is helpful to present the following
generalizations about

-

scotnadgueifrwh nte

(1) Lowering of the high points at the downstream ends of pressure loops tended to :

(a) eliminate some pressure loops ;
.(b) reduce the lengths of remaining loops ;
(c) lower the elevations of water surfaces below ceilings of
conduits, thus creating air bells; and
(d) create new p ressure loops where lower loops were nested
within one another.

(2)Thevrtical foheprsulothawerpsntheo fntrchmeiflundtheamo fitokrhealyconduitsberafomdintsglecoinu ay(bec.usthvrialefdtrminheaoutfbdrckoemvdbyntrechm) EachoftesgnralizFuoes94AhtwradimnlFgeusofth.mnAsoethprfilncmet(Fgur94B),hewrfougins
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_.
of .- .Figure 94 .

Profiles illustrating the hypothesized development of
Canyo 1 during arowredsimplifed. TherachisneartheSwalet nraceandcovers ections7B(S7B),7C(S7C),andpartofsection6(S) . Note hatsectionsS,6A B,and6C(Plate4)haveb nomited ; theirdevlopmentisconsider inChapter6 . J=jointsegmnt .B=bedsgment. BJ=bed-jointsegmnt . PL=presu lop1 . PL2=presurelop2 . PL3=presurelop3 . PL1A=presurelop1A,derivdfrompresurelop1 . PL1B=presurelop1B,derivdfrompresurelop1 . RE=region fentr chment. AB= airbel . (A)Profileofmidlnes . (B)Theconduitsa theonset nrechment . (C) Theconduitsafterasml amountofpresurelop2,splitpresurelop1intopresurelops1Aand1B,andcreatdsevral irbels . (D) Theconduitsafter hermovalofpresurelops1Aand1B . Note h sortenigofpresurelop2 . (E) Theconduitsafter hermovalofpresurelop2 . (F) Theconduitsa the ndofnarowentr chment,withacomplet ygrade florpofile .

part

RelativohOnsefWidrEtnchme
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ntrchm.Earegionwasftchmewasprtdbyonef.hTtrpisnuealothrwspfedoncompleted
tram,pesulo3,ha.dItrewisflomndhatr1fbyoencmt,bausehorlpGrading
sadeifo.b5ut(eprs lo1)p2.aAnsdetrchm oniued,prs lo1waspitno hrebefore
psulo.D,rinegsthomp1ArandueBl(Fig29c4rC.)asSdevnlgithbCosfuremdlwingotheflrs tench(Figur94D)emov;diptrasluthee1AndrB.lopy2theimrsntdbyFigure94D,mothanlf evouonset
mfthpasgeurmofthpesurl.oAhadbenfgof
irsmtyhpaocewufldntrvhmceogiz pase inglcayoof.thHdespalomgi,twbern-fsladuoghtiveruhwider
smptfored,h.wthe
uiltsavnoec rhdxstonagec(Fyiurdw94sEt)ahmeplogistwudhavercognizthsparofentrenchment
es.gFiurCan9y4o1hwsteipglaconuhsyefnarowtchmen,afrgdio.theflrNarrow
pihadbencomplt . ThisTrenches
The grading of the flow paths of Canyons 1 and 2eThe
conclusion may be -

,, 5't
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.infFITerhaobmlpdtc1s0u ewirvphaotnsu,gflc ewirdtnhaopgC1syc2bluiedn3tfhgraopvcwensumlfito53Cpr87aycdhen1gst62ioufarNlephCntd85yof,aim(spgwrhectlnBbPo1u,fi3aH4)dwhelntPsrcogfi uhmedntar floshadbengr othuperasglvinCayo1dthelwrpasgevlinCayo2

.TAnh2e3a6rI)gutmcodwispnheTartmbolcv(fpsCiedgSmrantl-wouzhveficrg)dlastjonipmuerhwgdatnofherwncofseti6nCayo1

8
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TABLE 10
PRESSURE LOOPS PRESENT AT THE ONSET OF ENTRENCHMENT

Number of Loop Location of
7
Location of High Point

Relief
in Feet

Passage
Level

Canyo1ftheNrCanyo

2
3
4

S6, 46
S6, 37
S6, 39
S1, 6

2 .5
0 .5
0 .5

Upper
Upper
Upper
Upper

S5, 24
Sl1, 58

3 .0
8 .0

Middle
Middle

S3, 28

3.. 8

.0 5

Canyon 2 of the North Canyon
5
6
Canyon B of the Headwall Passage tkf, tbe
7

3.1
S3,21

Upper

Locations are given by section and position . For example, S6, 46 means section 6, position 46 .
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constrained the growth of an unusual y nar ow reach of nar ow trench . This would have promoted undercut ing, resulting in a wider trench than is actual y present . Therefore, it is unlikely that significant amounts of smal clastic sediments were present . Because the joint extended the ful height of the nar ow trench (se Figure 80), the argument is ap licable throughout nar ow entrenchment .

Withou frthe suport, hat rgumentwouldstrikemanyreadrsa rthertnuos . Theconlusion simportan,howevr . Itformsamjorpesupositon ftheinterp taionbelow,andshouldbemoreadquatelygrounde . Aful groundigcanotbeoferdher,foritwouldrequirequantia veanlysi ofdischarge atesandseimnt ransportcapbiltesupliftngsemntsoflwerlops- andthedat ndmathematiclbase arenot avilabe . Nonethles,themainpointsofaqulita veanlysi aretlingad re adilypresnted . Theasumption smade,onthebasi ofthe opgraphicandhyrolgicsetings(Chapter3), tha thegroundwater hat formedSnedgarCvecamefromsinkpointsinthebdofCveRun . Those inkpointsdevlopedasjointsandfaultswer widen intheuperUnio Limestonei thestreambed . Thejointsandfaults ransmitedthewater obedparting B8(andi afewplacesB1) . Duringthe arliestgrowthoftheintalfowpaths,whenthepizometricsurfacewasnearthe(land)surface,theconduitswer large noughtohavetransportedonlysupend load . Asthejointsandfaultsenlarged,and ischargeincreasd,theybcamecapbleoftransportingsedimntasbedload . Howevr,signficantquanti esofsedimntswer
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unlikeytohaveb ntransporteduntil aterinthedvelopmentofthentwork,forthefol wingreason . At hesurface,sdimentsize musthaveb nhiglyvarible,rangi from udtobulder-sizedclast (se Wolfe,1973) . ManyplatesofWebstrSpings andstonewrep sent . Theywouldhavejamedin arowspot,clogin thenar-sufacejointsandfaults . Theywouldasohavejamedfarthe downatsharpbendsintheflowpaths . Suchbendsexisted(venafter heonsetofearliest nrechment)wher flowchangedfractures,particularyfromjintorbed-jointsegmnts obedsgments . Evenwhenboth ejointsandfaultsnearthesurface ndthepr-entr chment ubeshadenlargedsuficentlyforsedimnt ransport, her wer lowerlopsto rapsedimnt . Thelowerlopsmuthavetrapeds imentsverynearthesinkpoints . Itisthuslikeytha signficantquanti es ofclasticsedimntswer not ransported hroughtentworkuntilafter hermovaloftheprsurelopsduring arowentr chment

.

-

The Onset of Wide Entrenchment
What coofndwitebrugchmano?tTes
large size of the wide trenches compared to the marrow trenches
suggests, at first glance t hat a marked increase
have been involved.

This is unlikely .

must

Such an increase
in discharge
would have

filled the narrow trenches to a considerable height.

Although widening might then have taken place al along the heights of the part of the nar ow trenches that were inundated, such an explaination can ot ac ount
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for the forms or distributions of the undercut surfaces in the upper parts of the wide trenches . The undercuts that make up -thesurfaces of wideni g are not at he same levations on both sides of the pas ages . Nor are they complet ly continuo s along the lengths of the widetrenches. For example, Figure 78 shows a notch at N in thetop of the
-

wide trench along surface of widening 2 in Canyon 2 .

Its undercut

surface is part of surface of widening 2, yet another undercut surface to the right of N is also part of the surface of widening 2 .Thenotculdaveformnlybagdunerctigofhwaltepsgblowtheasf prentaow ch

.TwShausctpmrgoedlifksatuymregdbhat rnsiotwdernchmt
the introduction of significant quantities of clastic sediments .

The

sediments were probably sands, gravels, and small plates of Webster
Springs
acesontheoutsidecutbanks,wher gntlydip ngcusp couldther b formed(seFigures80, 1) . sandstone that allowed the low discharges to maintain smooth

surf

During this time there must have be n a competition for vados flows betwe n various sinkpoints in the leaky bed of Cove Run, particularly for the sinkpoints fe ding the surface headwal (the sinkpoint for the Headwal Pas age), Canyon 1, and the Saltpetre Maze Pas age

.Undersuchimtanes,hlowtrueisalywnroutecmpin,ftelargs th.nrTouelswfa tpreCmnyo1,adischrgewtnicreasdth.igAerouwdstncahbeformd,ty
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were then able to transmit increasingly large sediments, particularly during flo ds .

The Floor Profiles of Canyons 1 and 2

The profiles of the floors of Canyons 1 and 2 are shown in Plate 4
(profiles P1 and P4) .

In Canyon 1 the floors are mostly imbricated

fluvial

which

sediments

.InBTCehacisyuof2rk,tl1mwdbgphcanfyeortislkubdpcaneofhsirmltdubwefonacgph2sitdrleon,fugthisdmpverlanofuthydwciemr,nalstChpyoweid1,rmncaftoxwvies30d lhcgatnispmo letyfidwhsemnta Swlentrac
;.TheOnbrditsockafl ewrpiotsybn40vale,cwtiohr6fCvanly1t(Peo4r,pinfwlPe1g)s
predominate
(Figures 92, 93) .InCayo2,bredckflosprevaiwth xcepionfsdmt1o2fehickbtwneFirsadSconPleshaft,ndjuowstreamnd hsoutfeFirPaloshftnewidrch

in

plates

of

Webster

Springs

sandstone
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At emptsAnother
were made at severmethod
al locations to dofig throuestimating
gh the sediments. The sedtheiments aresediment
tightly packed and ethickness
xtremely varible in sizewas. When itsuggested
became obvious that excbyavationthewould reqpresence
uire dig ing major hoofles rathseveral,
er than smal diametepartly
r test pits, the occluded
digs were abandoned atholes
-2 fe t or lesalong
, as being tothearduouswalls
and time consuofming .Canyon
At empts to ins1ert meta.l bars Thewere evenhole
les usefulnearest
because the bars sttheop ed at tSwallet
he first Webster Spentrance
rings sandstone plates(Hole
buried beneat1h theonsand aPlate
nd gravel . 4)
thereafter it is pos ible to descend within the First Log Jam and climb or sque ze betwe n logs to a position underneath the upstream end of the logs . There a ste p bedrock slope is encountered . The slope is interpreted to be the local bedrock flo r, whose up ermost extent is a knick point in the flo r profile of Canyon 1 (Plate 4, profile P1) . The relief below the top of the knick point along the sloping flo r is 7 to 8 fe t .

often exposed, but, if not, it can be exposed within a few minutes by dig ing out the latest flo d debris . Betwe n this region and the top of the First Log Jam, sediments are usual y only 1 to 2 fe t thick, fil ing shal ow basins or joint spurs along the flo r . The second region is directly below and underneath the First Log Jam . There, sediments and vegetative debris are usual y trap ed behind large wedged logs . . Oc asional y, the logs shift during flo ds .For short periods
-

. . .Itis,of

.Thexpctdrofile,asumng

.Thisproflendcatshproe fntchme

Usingtheabovd,nthekowflbrpsuieacCofnywd12,gbeofratchkpsNlinC36yoe(wPatdr)nf
scidAhuonlftrea,gp xbmdclhkjeotfisnap,ru mdxyochigtnelaf,wsurpdvxitmeclhano-fswrgdpbymtuaehincfxs(ogwdIpa)tCin1y2les

(Hole 2) is at the first bend in the passage downstream of the Swallet entrance
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That
hole
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by
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parting
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feet
below
totheaDoug
drop-off
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a bend.
vertical
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bedrock
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1,
of as
the.of
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then
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thefeet
20
bedrock
farther
floor
at of
position
near
35Medville
ispositon
about
36,
11farther
feet
Holebelow
3Inspection
hasinsurface
been
of that
widening
to
a others,
(Plate
depth
4,a toappear
about
profile
6likely,
P1)
feet.
.isthat
About
The
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Possible reasons for the lack of grading of the floor profile (as
a

concave-upward

insufficient

curve)

erosional

include

time

brought

(a)

lithologic

about

by

barriers

progressive

diversion of the Cove Run stream (see Chapter 3, p..T2hA0e9WtFN)laofrinsmugdpCcGw,yb1tlain-eshrvuoNpkd5w,yGCtmlniseagrhcubfpowF,dxtmesnaicrfuholkpdtvemansbiyg-fGruclhowptedaisnvblhyfuor,tGepFgdmwsnciavUlofkh2Luedt3"(,sFrinwgpmahl8)vof1Ceuytsn2Rpmra(lgbPdiev4,sc3tpnyofualwrP5)dbvehcpsntobfdurikGlCanyos2,34d5

t

and

(b)

upstream
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.IgniTthuferosa,cblvpmineftsh(arDulogwpHWydbfFtCrhaienosH1lvwud),finJbcaemsoh(19t8pdr)ufeancshwitofavuel-psgrmdntowihflasdownutipbewnsgmtlve,andrgilceousphngitwerhn(1fotrles)abnt
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"CHAPTER 6
THE DEVELOPMENT OF THE INVESTIGATED PASSAGES :
A RECONSTRUCTION

Introduction
Purpose
An TheOutline
of
the
earliest
conduits reconstructs
for which
evidenceMain
exits wereEvents
tubes anddevelopment
fissures . The tubes and fissures
of formed
the ungraded
investigated
flow paths on two
This
chapter
the
passages .

As explained in Chapter 3 (pp . 94-95, 102-103), the main

passages of interest are Canyons 1 and 2 of the North Canyon .

Canyon

B, associated conduits of the Headwall Passage, and the Saltpetre Maze
Passage are of interest mostly to the extent that they relate to the North Canyon .Therconstui acompletshvaixbntedclymsakofpevib ntdwsreamofpitn59Cayo2,rdwnsteamofpin1theSalprMzPsage,mihtfcenrptaiofCnys1ad2
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segment levels. They enlarged under conditions of closed-conduit flow . Their early growth and integration, which we have yet to reconstruct, is stage I development .

.St2aT4DIBgh5uine-rmscClo6)dby,1fwtvap2euhinrsodcl fgtwe,anoivcrIhdusp-lbwtgenoafrdiscuhp,vt(enmorfdsiupglahenmtobsifdguralenvh,tywoicsufgrehnptawokdbyshftwerPaloshft2inwlocaed

.StaTACghsulerfIpciwbndomtkesghfrl1aipn2ocdu,wsetyfhlramignopcdCuey,wsa1trig2onfcbhedmltsawirnofheduc sionfthelp saftepringhaselv ndicsobelwurfacsoideng1a2
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Interpretative Goals

To give a more complete history - of development evidence is needed
that would make it possible to:
(1)

identify

the earliest

sections

integrated to form

a

flow

system consisting of one or more flow paths ;
(2) determine the sequencing of integration of other early flow
(3) determine which flow paths were active at the onset of earliest entrenchment ;
paths ;
(4) determine which flow paths formed after the onset of earliest entrenchment ; and

flow

(5) determine the manner by which some flow paths were selected
and then enlarged to become the investigated passages, while others
were abandoned early .
The Structure of the Chapter and the Order of Discussion
of the Evidence
derived from. the morphologic
Much
features
of the
preserved
necessary
on the
evidence
half tubes
is and tubes at the junctions of sections.Othervidncs efromatusenrchmtblowejunci.sIotfprehunablytorgizehbulkoftischaperditonsadcui.ofthevdncajutios
For each junction the setting is first described to provide a context . Next the evidence is presented through a description of

27 1

.morpABThteclanugysifvdoetauinsgmcldrwobkueispnmadthrfoucenapthsr,gedincuthovrwasldpeiymnctoxe,andthviecandolusi fear ptsofhiandprec ghats

the descriptions
are lengthy,
brief. Although
as possible.
To
.Howevr,thblckdiagrmshvebnadscurtelimd anrwigsklao increase
.Theyarnotscle,adhgmntso havexctr-dimensoalpt indcae
.Theblockdiagrmsechti they havethedscriptons fthe videnc arbeen
e companiedby lockdiagrmsandphotgraphs .Whenvrposiblefncsmadtophgrsandimfropeviuschatr made as
their intelligibility,

For those
who have not had the opportunity
to view.Foreachjunti,sdyheblockiagrmsepntighsequcofdvlpment theinvsgadp e,trhcofmlndwigpeurs
.Becomfailrwthcompanyig
.Payprticul enothialmdneigratohefinldagrmthepsn moder last vn geofthsqunc

.

.Thediscuonbgwithe

.Finaly,redthiscuonlat,evhougistedcuion-a theblockdiagrms-th eofprimay tnce

photgras(poiatehgrpsfomeviuchGaipvtenrst)hspcfdinertavgols,hebtrdinwhctopres hvidncesafolw
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farthest upstream junction on the

earliest discernible flow

path on

l evel 1 (Figure 95 ). It conrtinues downstream along that path to the end of level l conduits, before returning to consider j unctions within
the

tributaries to the earliest
the

connections

of

flow

level 1

path.

The

conduits

to

discussion
level 2

conduits,
thencosidr

beginning with the First and Second Paleoshafts, and ending with the
.tocdTaSFhfniseurblw mcsdteivoPnalprhf cetdioghrutecomplxiyftherncotiswhnaorteginlv2

The final part of this chapter reconstructs the overall history of
the investigated passages .

That history is most accurately represented

by the profiles of Plates 7 and 8, but is perhaps easier to visualize
with the block diagrams of Plates 9 and 10 .

Inordetsimplfyhedcusionathe

end of the chapter, and to make it easier to compare the overal history with the history at each junction, stage and substage, designations are introduced as each junction is discus ed . Reasons for some of these designations wil not become clear until late in the chapter . When reading the discus ion of each junction, it is helpful to glance ahead at the block diagrams and profiles that represent the overal development, in ad ition to the diagrams for each junction .

junction .
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The Main Evidence and Conclusions
Pertaining to the Integration of the FlowandPathstheir
Enlargements at Junctions

I

Junction M, N, IA
Setting.

Junction M, N, 1A is in the Saltpetre Maze Passage at its

intersection with the Sound Hole at 15 (Figures 28, 51B, 52, 53, 96 ;
ground - water west
Plate 4).

Sections M and N transmitted

and then south toward the Block Room w.oafterThmSslpMaze

likely came from sink points of Cove Run at or near the Dry entrance to
the Saltpetre Maze,

at least during early stages . (This conclusion is

based on (a) the morphology and continuity of the conduits between the
Dry entrance and the start of the Saltpetre Maze Passage ; (b) the
presence of prominent anastomoses and dissolutional re-entrants on B1
.(along
)c1876-t9h4e,gpoydrlicsetngadcuseinChaptr3,
these passages and at the headwall at the Swallet entrance; and

Features. (1) Section M ends with bed-joint segment 13-14 and bed segment 14-15 in a downstream direction. Bed segment 14-15 can be seen

only by placing a ladder and then climbing up to several joint-guided
bell holes near the junction .

On the north wall of one bell hole is a

fault-guided tube, the Sound Hole tube . The Sound Hole tube contains fault segments 15-15X of section 1A .TIhteifsaublopmyte1fn5bgodial

Figure 96. Hypothesized sequence of development at junction M,N,1A
(position )1.) (A) The segments . In section M (SM): joint segment
12-13 (position 12 is too far to the right to depict in this diagram,
and plays no role in the discussion, so is not shown ; a similar
consideration applies to 'position C of- section N), bed-joint segment
13-14, bed segment 14-15. In section N (SN): bed-joint segment 14-A,
bed segment A-B, bed-joint segment B-C. In section IA: fault segment
15-15X.
(B) The early tubes and fissures with all three sections
integrated . (C) The tubes and fissures a short time before the onset
of stage II entrenchment . (D) The conduits soon after the onset of
stage II . Entrenchment has begun on an upper loop over parts of
segments 13-14, 14-15, and 15-A . Lower parts of sections M and N
continue to enlarge under conditions of closed-conduit flow, but
eventually are also entrenched to form parts of the canyon of the
Saltpetre Maze Passage . Note the lack of entrenchment on fault segment
15-15X of section IA. The high point in the conduit has kept the
small-discharge vadose flows from section M from continuing through
section IA . Hence section 1 A was abandoned and remains as a tube .

276

j
277

parting
oftathe Saltpetreabout
the
are
climbs
fault
fissure
flowing
canrecisely lbeocate theard
Hole..tube.
(4) Se(2)ction N(3)
(FiThegure 53)tuberise B8oSections
n liisfting sneither
egand
ments near its(5)
eand dips
(blind
B81Asegment H-Iand
) . Pawest.
st I,1Bthenorarly coisare
nduit itcontinuplugged
ednear
aOnsSections
a lifting sethe
gmenone
t.on B8Whento a hianother
gsides
h potheint in thNorth
e Block Ro m ofCanyon
Misaze in. The flood,
levtube
atithe
on of thethehigh same
pointsound
M
is not knownofwelevation
ith sumany
f ic eand
nt ac uracy twater
o besmall
able to p(Plates
heanastomoses
levaN
tion a4,through
nd location5)of thetheuwere
pstre.am etubend of thThe
e p(hence
res ur.e lo pmorphologic
thaThe
tthehe highname,
point crprincipal
eatedSound
at hentrenched
e onset oHole)
f enfeatures
trenchment . Smoke
. Hotube
wev r, thintroduced
aatt el vationjunction
waitself
s estimatedinby levtheling thrRatough t1,6,1B
he pHoleas ages withtubea Su nto crequire
l(atinomet3rjunction
. Torhe lesection
vation ia41,6,s 13 .5nearby
feinches
t1B)+ or - 1blows
fo t (relativupstream
ethrough
to dataslant
um) . Thebedlevationsegments
of psource
osit onthe
15 is 122-3.2 fe t (andPdip
l1jA
ofate 5) 1-2. ground
Ther foforofe, atsection
he onsethe
t of ewater
ntren1B.chment, was
positTheon 1supplying
5 shosmoke
uld have be nthenin.a regioncomes
of enIttrsection
enchmnot
enoutt then
. the Sound1Bloses

elevation and curves around a corner to the northwest .

I
;

I A _ITans-i3*164

SroWrd . water to

.First, .SFeicgounrd,9t6hAas.vwceronCglsyh.wTtieubacrndS(.e3ft)JFTlsiFhngjgtuerio99661D,BshorcmwwaeundmptvshInAlgti(eiPI. fyj6rob1kBd4,scnFquufesrhcatmwSoei5flRpvod7ntHs9Ma,zujr8utP)hacfsniiogeoM,yN3dl1bmANrpcfthaneCsizoyv,lrnisetdocfphgmn

vadose
(2)flows
At oratbefore
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section 1B before the onset of entrenchment in the Saltpetre
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r
3

Figure 97. Hypothesized sequence of development at the Rat Hole at
.
Junction 1,6,I B = J 1,6,1 B = position 3 . (A) The
junction 1,6,1B
(Position 4 is far to
In section 1 (S1) : bed segment 3-4 .
segments .
see
Figure
54 .)
In
section- . 6 (S6)b.40eIA,dn-2bjoistgm 39,-bedsgmnt
left
and
is
not shown ;
the

section 1B (S1B) ;

bed segment 1-2, bed segment 2-3 .;)(PoBsitThen3a9rl fcogtizbher(saIA)ofwlpth,icons fecti1Band
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Figure 97 (continued). (C) The conduits at junction 1,6,1B after the
integration of section 6 to sections lB and 1 early in stage IB .
Section 6 grew and integrated into the slightly older flow path of
sections 1 B and 1, as indicated by (1) the distributary-like nature o f
the conduit at the downstream end of section 6 and (2) other features
(see text). (D) T he conduits at junction 1,6,1B after the anastomoses of the distributaries of section 6 had coalesced to form lB and IC .

28 1

Figure 97 (continued) . (E) The conduits at junction 1,6,lB after the
onset of entrenchment in sections 1 and 6 . -Section I-B remains as a
tube .because section IA was abandoned in the Saltpetre Maze Passage .
Bed segment 40-3 was used instead of bed segment 40A-2 because the
low-volume vadose flows followed the route that was lower immediately
.Fig(Suer)P9Tl7haCtco5ndfsruepigwtaonfchmelvationr shpoftegmns
downstream
of branchpoint 40A of the anastomotic network shown in

Figure 98 . View of junction 1,6,1B at position a The photograph was
taken with a wide angle lens, which has introduced some distortion .
The view is obliquely up at the Rat Hole tube . The Rat Hole tube comes
out of the wall of the top of the narrow trench, just below the label
"3" . Section 1 is visible as a bed 8 half tube extending from a toward
4. Section 6 (S6) is visible as a wide arch coming in from the left .
The distance of the camera from the arch, combined with the angle and
the foreshortening, make it impossible to discern the two subtle half
tubes within the arch on section 6 . Note that the arch has a ceiling
which is lower than the ceiling of the half tube on bed segment 3-4.
At Jt, collapse on N 60-75° E set joints has resulted in local widening
of the narrow trench (NT) . The collapse-induced widening has also
occurred near and below the label "S6". Had the collapse not occurred,
the walls of the narrow . trench would have remained, making it
impossible to see the half tubes in the ceiling from the vantage
point . Note the cusps (C) on the walls of the narrow trench . The
cusps indicate that entrenchment extended across section 6 into section
1. There is no hint of entrenchment across section lB into the Rat
Hole tube. These features indicate that section lB had to have been
abandoned before or at the onset of stage II entrenchment .
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for

F.eaturs(1)ompitn3,seco1hadwnstremahlfubeonB8(Figr97)
..(TO2h)eTHIAhotewUapltcvsxfubirl,nuadbnmsgvidfr3pcoeqyscmwtar1ityl-oe2lahh6nBfduvgns3B4m,70uFbRiegdtNroH6z9leph7aAtC)h-srnoyufg4B(0ci3wuiredtmsgplbhFenz,St1ashlnforomif937uMe)dB4y8Pt(hPlsaartgem3n-()lcie4f)tubdopsrcwgaimlnv13f-y4t)hedocsramlftube

illustrating the in.teUIrnpliksawmojxuchtedfn,lisrayobceuiflphtograed
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intersect the bed segment 3-4 half tube at nearly right angles (Figure 97C)
(4) SouthofpInterpretation.
F) ther isare-ntra onB8 and. Ther(1)-entundercuts
ra formsawidensegments
ceilngreionwithmanyonsmal enda1-2,tthesremain gfromcwalls
regionthertubesisa ml tubetrench
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positon23-4,ofsection1B 1formed. areThetubeconectscontinuous
oathescticontinuous
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nadthe ubear hardtose duetfromobreakdown edg insection
theutubeperpatofthecanyo ne.ar406 Theto. Hosection
wevtuber,the ubeisv ibtransmitted
leat2 1. The (Figure
nlargemnti thewiden regiground
on s98)to great,giventhenumwaterberofanstomse form.efromlypresnt,Noandthebrposition
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downisto muchinthewaytobea1letodintoetrmineprciseoccurred
lywhewhatr thesmal tube ralaternchedawyfronomsegmnt4became
0-section
3 canyon
. Hen1Bc it smoteither
usefl1tolcateofpositon40athemwithin
erlysomewhreNorthwithnthewidethen regioCanyon
n tube. Becauseofthoresmal.sizeointoftheTheubeofbedsgmitewaternt40a-2 ndfromitsproximtcamey othefsection
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it1snotuatsefltodesigjunction
nate s1A,epartesction hence1,6,1B.)from .
(5)siton40(Figure97A,Notches
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286

section M of the Saltpetre Maze Passage (see pp . 274-278) .

The bedrock ap ears to be of unifor( m2)compTohseitnifoenriend tlhaergrerlseivzeantofrethgeioanbove t.ube (cTheomeplarevdatio ntsheoifnftehre esdegmsieznets oafntdhethteubefseatoufrsesgmoefnte4nOt-r3enofchsmecntionat j6u)ncistisoung 1es,t6i,v1eB.reqAusiruemesitmhuatl tahne otusbeosnsgertwoaft enetarelnycheqmueanlt,ratsesaragnudetdhaitn tihnetyerdpirsceotnatinvue dpotiunbtula(r4)grboewltohwsimultaneou.sly Haotwethvero,nstehteodfisecnthraengcehmreante. anTdhesnolthuetiloanragelrctaupbaecwiotuyldohfavteheb gurnouintds gwraotwetrh ecaoruliderhave.dif(Tehreads sumpftiocniseanrtelyretaso nhabvle bauft ecanteodt gbreotwetshtediefnteirelnytial .y, tThoeutguhbetshatreisinunthleikbealsye of unit D .o)f the Union Limestone . -

(3) The half tubes and remnant tube of segments 40-3 and 40a-2 of
section 6 curve toward and approach the tube and h alf tube of sections
1B and 1 (respectively) and
right angles

finally intersect

suggests that section
.

This

them at approximately

6 may .
have been an independentlydboh.efactvgTmrlwpdinusyB8 othecin

a pre-existing and larger conduit

(where the hydraulic head was

lower)-that is, sections lB and 1 .

This sequence could have occurred

in accordance with head-loss arguments of the types advanced by Ewers (1972) or Palmer (1975) .SWehcations6mprhedoby"lrgaikcnupstheoflwing
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. d istributary
(1972) .

network of

If this

is as follows.

anastomoses

is plausible,

of

the type studied by Ewers

reasonable
interpretation
then
a flowthe
pathmost
flow from
section 1A
to section

There first was

1B to section 1 (Figure

97B) .

A slightly
later-developing tributary consisting of section 6 (and its tributaries) was then integrated

(Figure 97C) .

Coalescence of anastomoses next produced conduits as

shown in Figure 97D .
(4) Assuming the above interpretation is correct,

then

the continuity of entrenchment from section 6 to section 1 (and lack of entrenchment on section 1B) require

.(5)Figure97Eshowtpagejunctio1,6Bshrlyafte ons arwetnchm(sageIA)

.OeotasnhcrTwifm,u vleohbntsafrujcdiog1h,en6wBmatrulsvcion1BfrmtheSalp MzPsage
occurred onto section 1B as well . This would likely have produced a
narrow trench in section 1B, but there is no such canyon .

Alternately

stated there should not have been any flow through section 1A to section 1B to section 1 .TPhleatrs4ond5,(Fai)gutrhesl2vndo54,fathewcmplrisonfathe vlyioqnus,fathde(rb)lv cnosefartbhydpwl-omeatrhsckd(Figue21)thacoldveft lopmenhrbyalowing sect1Boniuedvlpgnrtube-flcondis

-

modern form of the passages .
r cteristics of bed segment 8-30 8-9are un sual curves
. The half tube is mal enortheast
r than ormal . In fact, the half ttoube is nar owbed-joint
er than the half tube of segment 7-8 and segment
oes not extend upward throuSghetB79-10
Junct(i2)onSec1ti,o2n,55begins with bed segment 8-30, which is also n be(3)d parting B8 Bed. The chasegment
ing . Theofhalf tube has few r secondary an stom se on B8 .
. Junction 1,2 5 is best reached by walking downstreamin
Canyon 1 to the First Log Jam (Plate 4, profile P1).

A t the log - jam

one climbs to the ceiling and then chimneys and crawls through the base
of the narrow trench on ledges to position 8

(1)Sectionrmaesdowntmihbeds.gnt Featurs
7-8, which is on B8 (Figure 99A) .
of B8 conduits .

.

.TheConctiubsformedntilybscon2

. .Positn8alheupstrmndofheCctinTub,whjoinsCay1ftheNorCanyt oBfheHadwlPsAget8asmal slaboreakfdwnisg theopfnarwtech

The half tube has the usual features

Less than 1 . foot wide, it extends upward through
.Althougefasbprlejointsaxevlyposdthrug ealftubwenB8ad6,theylckisoutnalre- s
B7 and B6 .Secondarystme confidlargeynotirlB8
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99
The hypothesized sequence of devlopmntajuci1,25
Figure
. Junction 1,2,5
. (J1,2,5) is at position 8 . (A) The segments . Sections 1 and 5 are in the North Canyon . Sections 3 and 4 are in the
Headwall Passage . Section 2 in the Connection Tube (CT) provides one
link-age between the North Canyon and the Headwall Passage .
(Other
linkages occur at junction 3,5,8 at the base of the First Paleoshaft,
and nearby at the bases of Shafts 3 and 4 . A full understanding of the events at junction 1,2,5 depends on events at these other locations and at junction 2,3,4 .
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sl

I
Figure 99 (continued). (B) The conduits at junction 1,2,5 early during
stage IA. During stage IB (not shown) these conduits enlarged slightly and blind fissures above B8 began growing on N 60-75 E set joints .(C)Theconduitsa eofstagIC,whicbeanthiegraonfscti5ojun 3,8
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Figure 99 (continued) .
(D) The conduits at junction 1,2,5 after
further enlargement of the joint fissures during stage IC . (E) The
conduits early during narrow entrenchment in stage IIA . Because section 2 rises to a high point 0 .65Sfectiohng2wrasujbctidone1,2a5rmpsitonheI3C(Plac5),Tubndsetio cndsfrmjutio1,25helw-discargvoeflws dection5

.
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section 2. (

Figure 99A) . A sharp bend is present at 8.

The outside of the bend to the northeast consists of a widened region in which the bedrock betwe n B8 and B6 has be n removed (Plate 4). No notches are found in this wal re-entrant. There are a few bedrock pans with

depths of 1 to 2 inches on the floor of the re-entrant.
(4) Notches in the narrow . trench below junction 1,2,5 can be traced
from section 1 across into section 5, despite the presence of several
poorly
preserved potholes amid lenses of clay-rich
.I(n52)6tefT1roHShpi0wmyvlasCdcu,k neTorfgpbtwhlasicmdyn1eofuhgratlbs-jdwNi607c5nomeEuts4-gf2ahd86Fr37i0nHocletagkfmorphlgicntuy(of

biomicrites in unit

.tFohfeUniLms

.liftngsem wihnaloerp at.I(nh5e)iAcxsSlrowf2FgtuheC5nacdioPTlbtes4ungra5d,cio2esndtaheclimbsongtheaxifsyncle
to a high point in section 3 past position 13 (junction 2,3,4 ;
pp. 294-304) .

The elevation of the high point is about -20 .75 feet

relative to the entrance datum .

The elevation of junction

-21 .4 feet which is 0 .65 feet lower.

-

see

1,2,5 is

Section 2 therefore consists of
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the early conduits) from section 1 to section 5 .
(2) A continuity in the remnants of the early conduits can be seen from section 1 to section 2, even though section 2 was not entrenched
.Section2(theConectionTube)beginswithbedsegmnt8-9 . partsofthe alf tubes of bed segm nts 8-9 and 7-8 are on the underside of the slab of breakdown tha is wedg in the top f the nar ow trench . By examin g the slab nd the c il ng, the fol wing can be infer d . The wal s and the c il ng of the tube of bed segm nt 7-8 in section 1 pas ed conti uo sly into hose of the tube of the first part of bed segm nt 8-9 . Over thisreachter wasnochangeinthesizeoftheinfer dearlyconduit . Thecontiuostubeto ubecombinationjustdescribedwasthenpartlydestroyed,firstbyentrenchment,andsecondbycolapseoftheslab .

(3) Section

1

discharged its ground water into section 2 as a

single
continuous
before
onset
ofenlargedentrenchment
.Section5alsfrmedbo.t3hF2MTi4g-unrs1ce)q9Clfovwthidgmnsce,ubyaforjlitgdhnsemy1,2a5rfuzcoith3enp,81g-r(asd2cofmetiubn5sco
(4) The ceiling fissures
on N60-75 E joints enlarged gradually beforetube
the onset of entrenchment
. The widened re-entrantthe
region to the northwest
of junction 1,2,5, probably
mostly before entrenchment . The gradual growth of the(Figure
ceiling fissures and the re-entrant99B)
is

29 4

indicated in Figure 99C and 99D.
(5) At the onset of entrenchment, the . depth of the dissolutionally
enlarging ground water
1,2,5 .

have been less than 0.65 f eet a t junction

Otherwise flow would have made it past the high point near 13,

and the Connection Tube would have had its floor incised . Figure 99E
shows the conduits near junction 1,2,5 early during narrow entrenchment
(stage IIA) .

Further discussion of the lack of entrenchment in the

. Connection Tube is given in the discussion of junction 2,3,4 .

Junction 2,3,4 .
Setting.;(.PlaJtouesnic4123, tahejunciof CnectioTubwhCanyoBfteHadwlPsge

Figures 55, 56, 100) .

One way to reach this junction is to crawl

through the Connection Tube from Canyon 1 of the North Canyon .

A more

pleasant way requires climbing Shaft 4 to enter the floor of Canyon B .
Features. (1) Section 2 in the Connection Tube was not entrenched. Sections 3 and 4 were entrenched.

Notchesandu ercutsdecndfromsection4tosection3idcatingvadoseflowintha directon . The ighestnochestrminateina upstreamdirectonaginst he alftubeoflitngjointsegmnt27-8(se p.23 ;Figure10G) .

(2) Section 2 ends downstream in bed segment 12-13. The ceiling and walls of the tube of bed segment 12-13 pass continuously into the half tube of bed segment 13-14 of section 3 . The cross sectional area of the tube of bed segment 12-13 is about equal to the cross-sectional
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Figure 100.
The hypothesized sequence of development at junction
2,3,4.
Junction 2,3,4 is at position 13 where the Headwall Passage
and the Connection Tube intersect. The development at junction 1,2,5
has been included for correlation with the sequence shown in Figure
.Sections3ad4 .S4=section .S2=section3 .S2=section 99.(A)Thesgmnt,S1=ecio
are in Canyon B. Section 2 is in the Con ection Tube .

.

.Figure10(contd)BTheconuitsajon2,34(psit1)anderbyuigstaeIA

.

.

`

.
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I

Figure 100 (continued) . (C) The conduits at junction 2,3,4 (13) after
the integration of section 4 (stage IB) .
Note that the final tube of
section 4 intersects the section 2 to section 3 conduit at a right
angle
. In this and in Subsequent stages (Figure 100D-100G), the tube
.reachofstin3adhebginrachofsetin4
or halftubeofthefinalreachofsection4remains malerindi-ametrthanthetubeorhalftubeofthefinal
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Figure 100 (continued). • (D) The conduits at junction 2,3,4 (13)
.theNoingrawfsecjtoin5(uargICb)vedpting8(osurface
on N60-75 E set joint segments .

after
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I

Figure,

100

(continued)

The

conduits

soon after the onset of
.
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Figure 100 (continued) .
(F) The conduits after about 3 feet of
entrenchment at junction 2,3,4 (stage IIB) . The floor of the trench
in
section 4 is below 28 at about the same elevation as the floor
of the tube of section 4 upstream of 27. Hence the pressure loop has been eliminated,
and the tube upstream of 27 is in a region of entrenchment.

30 1

Figure 10 (continued) . (G) The conduits after further entrenchment during stage I .
Note the larger sizthe
es of the half tubes withalf
hin the upstream part of sectitubes.
on 4 compared to the rest
of

3 02

.

.Theaxisofmlntice(Pa5)rosethcilngodutear13nplugstohe

ThecilngsaboveB6
The

segments of section 2 are lifting segments near 12.

The begin ing of

section 3 is a gently descending drop segment bed segment 13-14.
(3) Section 4 ends down paleo-flow in bed-joint segment 29-13 . The
half
tintegr(1)ube
Interpretation.
earliest
(Figure
Conduit. 278-28sizesmaller
(2) Section 4Flow
atedTheintothrough
a previouslypre-entrenchment
estof
ablished section
and largeflowr segment
flowpathpath iextended
n a 2fashiomust
nfromsimilasection
r to thehave
li1nktoage section
of sec29-13
ticeased
on26 toto ssection
ection 1 an3d either
section 1B 100B)) seis
p . before
) . Awast thorenearly
time ofatuniform
linkage (sthe
tacross
age IB), thesethsame
e condreaches
uitsthan
wouldbefore
have restheembledonsettashose ofof Fentrenchment
ithe
gure 10 C onset
. Th.e maThein half
evmainidenofceevidence
is theentrenchment
rightisangthele incontinuity
tertube
section andinthesizesmal eandr sonizmorphology
e of tof
hsection
e remnaofnts theof threlevant
e bed
bed-join3t tubesconduand
it andat thhalfe esegment
nd4otubesf sec.tioovern 4 theseThis
. reaches . .13-TOhn4ebadlfstgumo29-13enhcilgtsrbowBh7e,axlcfptubonedwhmriatclnghsetomrinheuprwaloftheub alftecombin fedsgmnt12-3ad 4
(3)
time
the
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1

. .2,oilthug
.intYAHITelahrsdop,fcwu-iyntelsoharxmcgwfivunbytd2-oChajslecrgmpTbfindtosulechav2,rgiotnebs3dapfmcr4,lhynitseowgdu2cmaplvrhbeingosw-ctfrahleigubpondtc13isofled-cnuitfowharelowtnhigpotahecrsoftanicle
.(5)FTuhreAtsmcidanglow(4h)ftrSecviandspowlgtreucfh(minksad)ob8rtevchminf5l(aoCwFpguretk1s)0,hndDcoifrgeupatns1c3owdihmetpan2osFigurfe10tD,ncahmisfor.tEevadbncmhoifsetrn2capbseugtdlowinhescuoftheFirsandScoPleshaft,cion5djut3,58 .

interpaoflwsrmthevaionlrtshpofetrscion_IAatd
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on-pp. 379-383 .

(6) Shortly after the onset of entrenchment, the conduits near junctions 2,3,4 and 1,2,5

should have resembled those shown in Figure 100E. Entrenchment began first on the upper loop of section 3 and 4 for this region of the Headwall Passage . At the same time, the
conduits of the lower loop upstream of 28 in section 4 continued to
grow

under conditions of `closed-conduit flow .

Thus the tubes of section 4 grew to a larger size upstream of 28 than downstream of 28 .Figure10Gshowtcnduisaferhoctndbeguhmotflwrep,oavinglrehftubsanrefodthcilngsofuper

Junction 6,6A,7C
Setting .

Junction 6,6A,7C is at the first bend in the passage

downstream of the Swallet entrance, at position 35 (Plate 4, Figures 58, 101)..6F(aun7ise)glcTordt,yf35aipsethfrbndaslocywiendthpasg

Features

(1) Section 7C consists mostly of ungraded segments on a lower lo p (Figure 58) .SeNctaironh7Cdws emcoftin7C,josegmnt45-6lifedgrounwatpbed-jointsgm46-35(Fiures8,6710)

(2) 6 begins with bed segment 35-36. Bed segment 35-36
.Section
consists of a wide B3 conduit that has several central principal half tubes and abundant anastomoses (see pp . 175-176). Section 6 was
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Figure 101 . The segments near junction 6,6A,7C. The junction is in
the ceiling of Canyon 1, at the first bend downstream of the Swallet entrance..SC76om=pasrectwinhFguA106,woerthypsizedquncofvelpmt hregionslutaed
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entrenched .
(3) Section 6A

(Figure 28)

It was

not entrenched.Bs.T8ehgcmoSFnrdtui35a6wAstorfenbdugmha35tZ-ens

is one of the A tubes

that is too small to enter.
abundant anastomoses .

It is only 5 to 6 inches high and has

It is directly continuous with the half tube of

section 6, a fact that can be appreciated only by seeing the conduits
at

ceiling level.
-

To do this it is necessary to place a ladder and climb up to position 35 on the south side of the passage . Section 6A cannot be seen without the ladder because the canyon is too wide for climbing at the passage bend . The widening results from collapse of
part of the north wall of the narrow trench of section 7C and the east
wall of

the

narrow

trench

of

section

6.

The

collapse

followed

undercutting during wider entrenchment ; it used N 60-75° E set joints
(see photograph, Figure 67) .

.tan(hlo4em)csTibgfwrd-tjuoepnschamgi46t-375Cofrsechn w(ajitsegbmnrc4d-5oatiusl6y)(ep omclase)intoc 6

Section 6A was tributary to section 6 before
the onseto
Interpretation.
fentrenchmentinsection6.This sugestd,inpart,by thecontiutyofmrpholgicfeaturesfromsection6Atosection .6

(1)

(2) The lack of entrenchment onto section 6A requires that section 6A was abandoned before or at the time of the onset of entrenchment in

3 07

this region of the cave. Had flow continued on section 6A, entrenchment would have occurrred there .

(3) Section 7C formed before the onset of entrenchment.

Had

section 7C not been present, and had entrenchment begun, then section
6A would have been entrenched .

(The possibility that section 7C would

have formed as a shortcut to section 6B with integration at the onset
of

entrenchment---that

is,

simultaneously---is

highly

unlikely .

Se,howver,thdiscu onfjuction7A,6DB7whersomthingsmlarocuedonscti 7D) .

Junction 6B,6C,S and Junction 7B,7C,S
Setting

Junction 6B,6C,S is at position 35X in the ceiling of

Canyon 1 near the Swallet entrance.

Junction 7B,7C,S is one foot lower

at position 44 (Plate 4, profile P1 ; Figures 58,
junctions is section S, the Miniature Shaft .
.FeatTP(uho1r)sMliyndvpSeaftuhsor(mvFidgbnea1p0N2)6tl-ys75oEcmurdjbhianfestoydwachnrigvste
.(2)Section7Bsmedfatunlgyr (jopise-mflntw) hbaseoftMinureShaft
below B8. Section 7C, down paleo-flow of 44, also consists of ungraded joint segments below B8 .

(3)Byplacing der,tispoblecimtoandpue'shindteMaurShftosein ct 6BandC

102) .

Between the
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.S6B=Cso7emcptairnwhFgue106,wrthypoesizd

Figure 102 . The segments near junctions 6B,6C,S and 7B,7C,S . These ,
junctions are in Canyon 1 near the Swallet entrance . Section S (SS) is
the Miniature Shaft .
J =joint .
B8 = bed parting 8 .
S6C= section . 6.S7B=section
sequence of development of this region is illustrated .
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.
from35Xt4(direclybow35X.,heHncadrtlb)ofheip(L tshafwbout8inches,
vadose water

in section

The Miniature Shaft formed when
6C was diverted down a N 60-75° E set joint

but incision below bed parting 8 was only 1 inch at the lip . Before theMinaur
Shaft formed, sections 7B and 7C formed an integrated flow path along
the joints . The walls of the remnant half tubes (HT) from the early
joint tubes are delimited by dashed white lines . The dashed lines lie
along the top of the narrow trench, which has been locally widened as a
result of collapse along joints . ;thisndcae The north wall of the shaft extndsblowhevatinofhptenarow ch

that the Miniature Shaft did not form until after the narrow trench had been incised at least 3-4 inches .
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These sections are part of the A-tubes on B8 .

They consist of wide tubes with abundant anastomoses.

There is a small vadose incision into the section 6C tube; the incision terminates at the lip of the

Miniature Shaft, which appears to have migrated about 8 inches upstream
from 35X (Figure 103) .

Smoke introduced into section 6B at 3 5X comes

out section 6C. Section 6C trends

northwest from

35X.

It turns

slightly northeast at the limit of sight.
Interpretation .

( 1) Before the onset of entrenchment, section 6C

transmitted ground water into section 6B, which transmitted it on to

(2) After the onset of entrenchment, vadose
N 6O-75 E joint at 35X and
It is unlikely that

descended

section 6A .

water Intersected a

to form the Miniature Shaft .

the Miniature Shaft formed

until after narrow

entrenchment had cut most of the narrow trench, but it could have
formed relatively early . Based on features at junction 7A,6D,7B,7D,
(see below), the Miniature Shaft could have formed when minor flooding
sent water into section 6D en route to section 6C .

Junction 7A,6D,7B,7D

;.SetTihngsfour-wayjctinspo 35BintheclgofCany1erthSwalnrce(Pat4,profileP1

Figures 58,104)
i.O3tlyponT5ahBdecrbmsfgu nathejcioanbse

near the junction are below 35B, where collapse has locally widened the narrow trench, and just upstream of the end of the
entrance chamber.

'31 1

Figure 104 . The segments near junction 7A,6D,7B,7D . This junction is
A and 42 are at, the
in Canyon I near the Swallet entrance . Positions
downstream end of the entrance cha mber (Figure 105), Sections 7A and 6..S.SDe6cDatr7i7=eDAoBnso=senctBi8o,anddBthrierisnegCmnyoa1 prtsofheSub(sFigre28)
-am--in Caw-yon I . , - VA-='section 7A .
.
"_ -Fignfd".z2B) .'. Sectfnoas-'7D anii 7-B
section
WD~~-Sictian7--JD .
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Featurs,(1)ThSwaletnrchsledgaonthr dsouthwal

B8aebhf.nltsorOwcidvuyHa8l(Pste4)bwho
locations .
Maze.

The

tube

trends

south and connects

into

the

Saltpetre

Enlargement in the entrance chamber, the nearby parts of the

Saltpetre Maze, and the entrance region generally was too expensive
for a complete segment analysis . Therefore, the segment analysis was
begun at the downstream end of the entrance chamber .
(2)

A photograph of the downstream end of the entrance chamber is

shown in Figure 105.
two conduits.

At that location, the North Canyon begins with

The upper passage extends from position 35A

to 35B,

forming section 7A (Figure 104) . A distinct principal tube is represented by a widened central arch above B8 as bed segment 35A-35B . To
the north of the segment, B8 has been widened considerably, forming
part of the A tubes . Ceiling pendants and anastomoses are abundant . A
centralh, emnatofpricltube,ndsorhfmpitn
.35BAItmifnorsecha6Dwinsto chedpasbn
.incHoswedvr,bthgimno3e5A-rBchstnioe7A6D
T.B(7.hh83Aee)atTdbownStvesrrciigchnmdwn,ogcrmhseeatietanrl7ojyjAfuibnhtigsworng3am57BAe,s6tDen-4t3,5((Bh)dcpdlioeelsacsngtrnansfrrfoFm35tAu,etidi9d2)c,atrwmhnigncbysBe8dNofm

Figure 105. The downstream end of the chamber at the Swallet entrance .
The view is to the southwest. Two conduits head downstream from the
entrance chamber . The higher conduit is on bed segment 35A-35B ; it is
developed on bed parting 8 (B8), but is not visible here because of the
bedrock hiding it near and to the right of the label for position 35A .
Th e lower conduit has an unusual joint segment extending from 42
42 (in
35B(not
mid air, approximately at the location of the white square) to
visible) .
Below the joint segment are the narrow , and the wide
trenches, separated by surface of widening 1 (SW1). Features of
entrenchment begin within inches of the top of the lower conduit . For
example, the black line outlines two undercut surfaces separated by a
cusp (c). The unusual morphology of the joint - segment, and the high
locations of features of entrenchment, combined with other evidence
(see text), suggest that joint segment 42-35B integrated as section 7D
and enlarged during stage II . Note that the wide trench has been
filled nearly to the top with boulders of Webster Springs sandstone .
The logs (L) wedged in the ceiling are flood debris .
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anastomoses appear on B8 here. By climbing with a ladder, it can be seen that there is no continuation in the flow path along B8 . The highest notches that extend from section 7A to section 7B die at the half tube of the descending joint half tube .

(4) The lower passage at the start of the North Canyon (Figure 105)
consists of a narrow joint half tube above a shallow narrow trench
.IntTrheipsao (1)nBiesfbratdhop,nerlimsthogceni,lasrto7fAhedcnsuito6D,ewahbcvlsdtion 6C,BA andtheI
above surface of widening I .

The half tube belongs to joint segment 42-35B of section 7D..CTAIuhtsebpajrocilknyfwdmtaescohirfjnbudxwtelsc,hoafmprudibng7Atesofhubrlydncmktgiasehrowpnlytcsfeiho7nDblrwtmsceiaoAg(Prlnth4,fpsecioP71B)

(2) Sections 7B and 7C also formed before the onset : of entrenchment .This conclusion is based on the smooth rounded half tubes of
the segments of the sections. It is also based on the necessity for entrenchment onto pre-existing conduits on section 7C (as shown by evidence discussed in the interpretation of junction 6, 6A .7C),ando
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sections 7B and 7A.

(3) Section 7D formedaofnetsrcihm
7A and ' 7B.

This is indicated by (a) the unusual morphology of the

joint half tube of

section 7D ; (b) the small size of the joint half

tube; and (c) the presence of

entrenchment

at a

higher level on

sections 7A and 7B .
(4) The evidence and conclusions above support a comprehensive
.;(5)ABtOGsehnrcoFuaimgdwl106-Dprstjohiaenv7dBAu8gmlfwcts3i5eohnad6D,pCB7(mvctilonAear),usbfthwleonparsimfdtlcyheonwsramf35BthnwseflorthB8cnduioset6D(Plae5)

s.F7tfoihBungIerwaTmdpl10C6vcD(bAhstoiw)enuafdrcgblmvytsohanfierSgwBl8(FtuhaIc1n0)v6embr,dpositn36feco

of entrenchment (still stage IC) after further enlargement and merging
of the a nastom se on bed segments had formed the low, wide B8 conduits e n today as the A tubes .
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Figure 106 .

The hypothesized sequence of development of conduits in

Canyon 1 and the A-tubes near the Swallet entrance .(A) The A-tubes
consist of anastomoses in wide tubes on B8 in sections 7A, 6D, 6C, 6B, and 6A . Each section is abbreviated with - an "S" in front of the section name, e.g.sAelction7=Sfhsregion.aSctw,heMinaturSf(olabed)isnjot.egm35X-4

318

11

-

i

Figure 106 (continued) .
(B) -The, earliest recognizable conduit during
stage IA.
Dashed lines indicate parts that are inferred and a re not
visible from traversable conduits .todaDyuringseIAadB,nstomedvlpanbegtomrnbedpatigB8lonsecti7A,6DCB and6
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Figure 106 (continued) . (C) The conduits at the time (stage IC) of
integration of sections 7B and 7C. Sections 7B and 7C form a shorter,
higher gradient cutoff below B8. This suggests that these sections
were selected to become the main route of Canyon 1 because of their hydraulic efficiency under conditions of closed conduit flow .Howevr,anltexpaniosmrepbalndisrefyumaizdnthecpofrFigue106E
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Figure 106 (continued). (D) Further growth of the conduits during stage IC. The anastomoses have coalesced into low wide tubes . The tubes of sections 7B and 7C have also increased their diameters.
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I

-Figure 106 (continued). (E) The conduits soon after the beginning of stage IIB . Stage IIA is not depicted, but is represented here by the entrenchment shown on section 7A .

Stage I A began with the onset on earliest entrenchment . At that time, junction 7A, 6D, 7B, 7D at 35B was within a region of entrenchment . Because section 7B descended more rapidly from the downstream branchpoint at 35B then did section 6D, section 6D was abandoned by the low-discharge vadose flows that ef ected enlargement . Sections 6C, 6B, and 6A in the A-tubes were also abandoned . Flow during stage I A then fol owed sections 7A , 7B, 7C,
and 6. However, after only a small amount of entrenchment on sections
7A and 7B; section 7D integrated. That integration is the beginning of
stage IIB which is shown here. As section
. 7D enlarged, andtheflorscin7Bwaloerd, fthlowasenbtopashrugection7D .Consequtly,cion7Awasbde,ntrchmebganlowrithefoscin7D(eFgur106)

Figure 106 (continued). (F) The conduits after further narrow entrenchment during stage II .
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Figure 106 (continued) (G) The conduits during stage HI.
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onset of entrenchment,

(6)

Vados

section

flow was

6D, was

abandoned

at

the onset of entrenchment, because flow depth was insuf icient at 35B for water to make it past a high point in section 6D .

pirated to a lower level beneath section 7A
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the ceiling of Canyon 2 at the base of the First Paleoshaft (Plate 4, profile P1, P3 ; Figure s 55, 59, 82, 87, 107). The
First Paleosahft grew from joint segment 23-24 of section 3. The Second Paleoshaft is nearby, up aleo-flow, on section 5 .

The second Paleoshaft is nearby, up paleo-flow, on section 5 . The Second Paleoshaft grew from joint segment 28-29 . The
reason the paleoshafts are so named is that they once were shafts, but have been modified . As discussed in
Chapter
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of the
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Figure 107 . The 'hypothesized sequence of development near junction 3,5,8 . (A) The segments of
For other nearby sections see Figures 5 IB , a nd 55.
sections 3 (S3), 5 (S5) and 8 (S8) .
ab.PFendBlS=-josihrtfcgm nCayo,2use
parting 12 (B12) .

Figure 107 (continued) . (B) Stage IA tubes along sections 3 and 8. For explanation, see text.

Figure 107 (continued). (C) Early stage IC conduits . Stage IC began with the integration of
section 5 between junction 1,2,5 (not shown) and junction 3,5,8. For explanation, see text. '

Figure 107 (continued). (D) L ate
fissures . For explanation, see text.

stage IC conduits showing continued growth of tubes and

I

I

Figure 107 (continued).
explanation, see text .

(E)

The

conduits

early

during

stage II .

PL = pressure

loop.

For

r

Figure
text .

.
107 (continued)

(F) The conduits during the middle of stage II .

For

explanation,

see

Figure 107 (continued) . (G) The conduits near the end of stage II . For explanation, see text.

Figure 107 (continued).
(I) The conduits after
see text . SP = Second Paleoshaft.X.seSctVWi=oInurfa widengl.
SZ = section Z.

further stage

III

development . F or explanation,

14

Figure 107 (c ontinued). (J ) The conduits later in stage III development . For explanation, see
text. FP = First Paleoshaft . S P = Second Paleoshaft. SWI
surf ace of widening 1 . SW2 = surface .
Of widening 2 . SW = section W.
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Interp eta ion . (1) Evidence at junctions 1,2 5 and 2,3 4 sug est that section 5 integrated after sections 2 and 3 . This conclusion is based in part on the cros -sectional areas of the arly conduits of section 1,2 and 3 ; those areas wer larger than the areas of the bed conduits on section 5 and the bed-joint conduit on section 4 . As uming that his conclusion is cor ect, then section 5 could not have linked as late as early stage I entrenchment . The reason is that section 5 would have had to have be n target d into the nar ow trench or shaft basin below posit on 24, below the shaft hat was to become the First Paleoshaft . Yet, as noted above, section 5 was not so target d . Hence

(23) ITtheiscuonlcikueslyiotnhsa(4)
t bsoecvteioanre5 inmtpegoratendtasfolraIf
tse avsertahle roensaetonsection
sf stage I entrenchment 5 grew and integrated during stage I, then during
divertpart of stage
flowr
I theretto
was a closed loop in the flow path
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. Why should such a rou.te have fAtormed? Oabout
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efsection
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Figure 108 . Postulated sequence of integration of sections 4, 6, and 5
into pre-existing and larger flow paths . The earliest recognizable
flow path (stage IA) began in the Saltpetre Maze Passage and extended
from section M into sections N and IA . From section IA (not shown),
flow was to section 1B, the farthest upstream section shown here .
Within the region of cave considered here, the earliest recognizable
flow path extended from section lB to sections 1, 2, 3, and then 8 (the
latter section is not shown) ; this is the stage IA flow path at the
top .
Stage IB began with the linkages of section 6, as later
discussed) at junctions 2,3,4 and 1,6,1B, respectively . Stage IC began
with the integration of section 5 to junction 3,5,8 .
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;stageIB
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alfof
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only insofar

as

they are needed to support the main inferences . Additional descriptions of features near the Second Paleoshaft are in Chapter 5 (pp .224-229). .

(3) F4i)guresFi1g07uCreand10H7GshowsthedownstreamtrenadmofeCadnyof1Caduryiongc1onstiounedhftaedwrth eotnrsaetofthesgaeftIlipbwasinrdevnltorpmencth,meandt arow.entrDicshmoenltu ional min g dur.ingBytahreoiwmeanofdFwigudre107nGt,rhenacdwmrnteobsilnowhapsreimtovdn105Itoh1a5sfcertaofbedmroicnked segm n.t 5TIhe-pJa,s fgoenatrj5oJinthsegmnrtea28m-9hasbegundtiovrestmdbleoawntla jchoaimnbteramloengthjanoi shafetgm nt 5J- K. Thesaftis.welThaeonwgaietsrwanydtsoubepcomingthebSascoinduPapletorshafmtand .

Interp eta ion . (1) Figure 107C shows section 5 shortly after its integration in stage IC . A tube along B8 betwe n 27 and 28 leads to a joint fis ure that descends from 28 to 29 . Figure 107D shows the
conduits after a small amount
.
of .Abasinhtredofmathbseof at additional enlargement
.Thelipastrdobeakupintsvrlpwithasr-epofilbcauserglitesnhgomtriesfhgudnjoits
during.Thenarowtcledsohaftwersmlaountfhedwrosinfthelpasstage
knce
IC .(2)Figure107EshowtcnduisrgealytInrowetchmn
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sta.b1ehn5cd2l69o)ijT-Bw3y,A(grmufstelhp. daniyowSgxmcsePfarl5hKntdow(pem siton29
measured . The measurement is impossible because of the way in which
dissolution and collapse have enlarged this region of Canyon 1, all but
totally obliterating the fissure that formed joint segment 5J-5K .
{3) The evidence for the existence of section 5A is as follows :
(a) About 20 fe t upstream of the base of the Second Paleoshft, Canyon 1 nar ows in its lower portion, as shown in Figure 109 . An unusual nar ow gap ap ears betwe n the north and south wal s of Canyon 1 . The gap is at the intersection of B12 and a N 60-75 E set joint . The nar ow spot is les than 2 fe t wide . -

(b) Above the narrow spot, and above B12 on the south wall,
is a prominent

vertical surface..;theTSsimarlpuojfcxndgwthsemaipkblrycfvodNWw60smt-e75nguEShpirbojldastvnecfi2bhyp3drao6wtelncihskzpSjodPale(fFtigur84)

(c)

Opposite the vertical surface, on the north wall of

Canyon l (Figure 84), undercuts and other features of entrenchment are well developed. They are distributed from the top of the trench
-
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Figure 109. The narrow spot in Canyon 1 . This split is about 25 feet
upstream of the Second Paleoshaft at the farthest upstream end of its
former basin. G = gap between the north (NW) and south walls at the
narrow spot .
B12 = bed parting B12 of the Union Limestone .
JS = joint-determined vertical surface that extends upward most of the
height of Canyon 1 (see Figure 84). The joints that formed the surface
extended below B12, in the . basinal region . The joints also extended
.througeapwrdthno al,werthiacsperbhindtpojec fthwal NW,outfsighn vew
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downward to nearly the level of B12. From a few feet above the level of B12 down nearly to the base of the floor, there are no features of entrenchment .
The narrow-spot and the few feet of walls above and below T
it show no signs of having been enlarged by normal processes of
entrenchment.

In any case, had entrenchment cut through the narrow

spot in the normal fashion, the opening should have been wider .
(d) If the stream did not cut through the narrow spot, then

I

0

there must have be n a diversion conduit (with a branch point inthe flo r of the wide trench above B12) that transmit ed the stream below B12 . The prominent vertical surface trends directly through the nar ow gap toward subparal el N 60-75 E set joints on the north wal (hid en in Figure 109) . The lower part of the canyon has an orientation and size consistent with that joint conduit ; this conduit is designated joint segment 5J-5K of section 5A . No actual half tubes or fis uresremain on this segment ; the joint conduit has be n total y
destroyed .

(e) The distribution of cusps and notches on the north wal of Canyon 1 above the gap rule out the pos ibility of a higher joint segment . Joint segment 5J-5K could have received its ground water only after a long history of nar ow and wide entrenchment . Thus a mined segment is designated for the region betwe n 5I and 5J .
(6) One ef ect of the integration of section 5A is that it ac elerated the headward erosion of the lip at the top part of the trench in Canyon 1 . It contributed to the grading of Canyon 1 by promoting the grading of the flo r profile that extends from the up er

.
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part of Canyon 1 in the upper passage level down the the lower parts of Canyon 1 and Canyon 2 on the middle passage level . Figure 107I and 107J show continued grading of the floor during stage III. It should be recalled, however, that the floor of Canyon 1 was not completely graded during stage III (Chapter 5, pp . 265-267).

Sections X, Y, Z, V, and W: Development near the
First Paleoshaft in the Headwall Passage

Set ing. The above sections are near the First Paleoshaft, below Canyon B of the Headwal Pas age . A schematic block diagram of the conduits is shown in Figure 107J ; the segment midlines ap ear on Figure 5 . As with development from the Second Paleoshaft, the development of the downstream end of Canyon B is suf iciently straightforward

that it is possible to simplify the method of exposition .
interpretation is presented with the aid of Figure 107 .

The

Descriptions

of the features are given below only insofar as they are needed
. .24-9) to support the main inferences .Aditonalescrp ofatures(nhFitPaleosf)htuporein taoreinChpt5(

Interpretation. (1) Figure 107B shows section 3 during stage IA . A tube on B8 or the intercept of B8 with joints extends downstream to 19 . At 19 a drop on a fault carried water below B8 to 20, where a lift on a joint carried the water back up to a bed-joint conduit using B8 from 21 to 22 . Past 22, a B8 conduit led to 23, the top of the joint fissure that transmitted ground water down to 24 on segment level 2 .
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(2)

Figure

107C

shows the

conduits after the integration

ofsections4,6(notshwn,se Figure108),and5..ABliantderfsuohigarlwtsnedjohavfbstguneIoCilrhwtaFdgfuoem10h7Drlicnduts

(3) Figure 107E shows the conduits early during stage II narrow
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and extende upstream, solution ev ntual y enlarged an intercon ected network of joints below the trench . The joints extende from the base of the trench on the up er pas age lev l near 2 A, down ard to the base of the shaft basin at he lat er's upstream end near 2 C (Figure 5 ) on the mid le pas age lev l . Thes joints formed (Figure 107H) section X (Shaft 3 : joint segment 2 A-2 B) and section Y (Fis ure 2: joint segment 2 B-2 C) . (For a description of Fis ure 2 and Shaft 3, se Chapter 3, p. 10 ). Because dis olutional min g removed the trench below 2 during stage I entrenchment before a flow path integrated a mined segment extends from 2 to 2 A (Figure 5 ) . Sim larly, a mined segment extends betwe n 2 C and 24 at he base of the First Paleoshaft .
(7) Th(a)e proceThes juupstream
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Sections 8, 9A, 9B, 9C, 9D, 10, and 1 are downstream of the base of the First Paleoshaft (posit on 24) in Canyo 2
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features indicative of headward retreat would have formed on the upstream lit of Shaft 3) . Once Shaft 4 enlarged sufficiently to capture the entire discharge of Canyon B, Shaft 3 was abandoned . The stream then lowered the lip of Shaft 4 .

(b) The distribution of undercut surfaces along section W
(Figure
Downstream
107J)
. Section 1 ends ownstream t 59, the downstream terminus of the s gment anof
lysi suggests
. The s gments betw en 24 and 59 are shoPosition
wn i Figures 59 and 1 0A . The s gments have a length of 18 fe t, 14 fe t (80%) of whic are on a thrust fault or tthat
he inters ctions of thrust faults with N 60-75 deg24
r es E set joints (Table 7) growth
.in
Ther are two faults . For conve i nce in descript on,Canyon
the first fault encounter d when traversing Canyo 2 in a downstreamof
direction (the fault a the base of the First Paleoshaft) isection
s fault A2 ; the other is fault B . Each fault s rikes north and ips west . The interc pts of the N 60-75 degr e E set joW
ints and the faults rend obliquely alonwas
g the faults, about 15 to 25 degr es to he side of the fault dip trends gradual,
. Each fault pas e down ard into bed ing par l e slip n u it G of the Unio Limestone . The faults are toward
position 19C. Had shaft 4 integrated after section W had extended to 19C, then it is not clear how section V could have formed .;thewarouldvefwsctionW Cay2nerposit31Ynead

I

Figure 110 The hypothesized sequence of development of conduits downstream of 24 in Canyon 2 .
(A) The segments. Note the` addition of several segments downstream of J2. These segments are not
included in the analysts of Chapter 4 ; they are added here, primarily to make it easier to see how
several breakdown blocks formed at the end of section I1 during stage III .

i
I
i

!

.

1

Figure 110 (continued). (B) Stage IA . For explanation, see text .

I

Figure 110 (continued) . (D) Stage IC .

For explanation, see text.

Figure 110 (continued) . (E) Stage IIA .

For

explanation, see text .

Figure 110 (continued) . (F) A later state of stage IIA . For explanation, see text .

Figure 110 (continued) .

(G) Stage JID .

For explanation, sec text .

Figure 110 (continued). (H) Progressive deepening, of the narrow trenches during stage IIB .

Figure 110 (continued) . (I)Continued deepening of the narrow trenches during stage IIB.

I

Figure 110 (continued) . (J) The conduits after the onset of stage III .

Figure 110 (continued).
during stage III.

(K )

The conduits after continued widening below surface of widening 2

Figure 110 (continued). (L) Cut away of the conduits during stage III, showing the approximate
shapes and locations of wedge-shaped breakdown . FB = fault breakdown .
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offset slightly. Although the faults overlap one another on the plan, they lie at different elevations and do not intersect .

The development of Canyon .2 downstream of 24 is of sufficient
complexity that it is best to break the analysis into two parts .
first

part

sections .

covers

section

After presenting

8;
the

the second
evidence

covers
for

the

the

rest

second

The

of

the

part,

an

explanation is given for the history shown in the block diagrams of
Figure. 110A-110L .
,Section .-8

Features. (1) Above the fault joint intersection of segment 24-50 (Figures 87, 8 ) is a smo th-wal ed joint fis ure . Numerous an stom se ap ear along the fault . Many are wel aw y from the fault-joint intercept, in a wide fault spur that extends into the ceil ng at an angle . The fault spur (Figures 8 , 1 ) is partly clog ed with logs and other flo d ebris . Below the fault spur is a wedged-shaped mas of bedrock . The bot om surface of the mas is formed by B12 . The south end of the mas is at ached to the south wal , which is partly
Setting.
.8 begins segment
with fault-joint24-50
segment 24-50,waswhichgiven
trends westinfromChapter
from the base 5of the(pp.
First Paleoshaft.
The passage isA unusually
first glancedescription
it appears to lack a narrow
trench. .
featuresSection
along fault joint
231-234).
more wide.At
complete
follows
The passage narrows past 50, however, and returns to the normal
configuration over fault segment 50-51 . A partial description of the

.(5)SurWfeasctow0idngpl2c,aPbetr4)dhfomi5l0naguescthdwbpralenothfusA,ralcngithesfomra50-n1lvtiobewhafsurceowidng2

(3(4)(2)) SurTheAfacwedged-shaped
(6)
enorth
of widewallning 2The
ofmassis theonlofy wedge-shaped
a bedrock
upstream
few fe t appears
abovemassthe asflhasoblockr aundercuts
tpart
thbreakdown
e base of tof
hbelowe anomaposition
lfault
ously wid50e region segment
beneath the wedged-shap50-51
ed mas is shown in Figure 111

364

; this wall is part of. theThe narrow
trench ofimmediately
cusps
(Figures
upper surface
the block. hasbelow
Laterbeenal fault-joint
undaltered
ercut ingbybesegment
ldissolution
ow surfac24-50
e of fromwidenithe.ng 2Onoriginal
hasthewidenorth
nedslickensided
thewallwide.tofrenthecsurface
h tThis
onarrow
an unofusutrench
theal exsegment
footwall
tentare .cuspsofOnefaultwandal oAnotches
f rises
the wid.e .trOther
enThech isobliquely
surfaces
over 20slopefe aret sgently
ouformed
th and downstream
bebylowup
athbedding
e fracandfault
tureplane
ddiewaloutparting,
shownearn iAn Ftheigautorjoint,
efault-joint
8 (sae andthehigh
theplintercept
an westof thiwalls rpoint,
egiofon othen Pla87A,narrow
te 4) 88)then
trench.
..

3 65

descends a few inches to 51.

Throughout the s egment, anastomoses are

widespread on the fault on the side of the narrow trench that is up the
dip of the fault.sfmpaoulrtOviehgn,olyasm
on the downdip side . At several places along fault segment 50-51,
particularly near the end of the segment, there has been a downdip
shift of the top of the narrow trench relative to the segment midline
of the half tube on the fault (see pp . 242-246).
Interpretation ( l) The upper widened region along fault-joint segment 24-50 results from (a) lateral undercutting and collapse during stage III, combined with (b) dissolutional removal of the fragments . Many fragments probably were produced from the jointed bedrock beneath the wedge-shaped mass in the ceiling .

(2) The first 15 feet or so of the narrow trench downstream of 50
between 50 and 51 was destroyed by collapse of the bedrock surrounding
its walls on the east and west . This is suggested, in part, by the remnant features of entrenchment on the east wall of the wedge-shaped breakdown. block .Thatblockpryemainsbcuthadfewrcusandiotherduingcolapse

fault-joint segment 24-50, indicates that the stream gradually lowered the floor of the narrow trench below 24 . This process both deepened and lengthened the narrow trench, extending it downstream toward 50
in the narrow trench below
distribution of cusps
(3) The

.
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Section9A,BCD10and
t.5(Si9Fem,gsA1urn0cvha)oy 9Dnd10formacplexfsgmntcoaiwlsedop
segments of the loops transmitted ground water along three
between positions 51 and 52 on fault A .
20 feet apart.

routes

Positions 51 and 52 are only

The segments of the closed loops are thus short .

Features
then descends a few inches to B12 at 53 .

Thevidncalogthepsabnrtlyoscuedbhwayincelrgmntocued,hlspacingofthesm,andcolpse .

.(1)Thefinal0tohealfubo tsegmn50-1idrectlyabov dgethisupofthe narowtech(Figur12).Thealftubdsojnc.tiTh8e,r9AoCastg5m1n-3ofsectin9Arasjointuberfs omthefaul. ighponTteabjvB1f2isur
Poorly developed half tubes

extend along B12 or its intersection with joints

in section 9B on bed-joint segment 53-54, bed segment 54-55, and bed-joint segment 55-55..FArosm56tha-wjlinedgsptuhraxendvlfisturaebodpB123lngta-johirusefmln5t-26

(2) Fault A has be n dis olutional y widened betwe n 51 and 52 . Near 51 fault spurs ap ear on al sides of the pas age . Closer to 52 a fault spur is present only on the north wal .Below and betwe n 51 and 52 is a wedge-shaped block of breakdown . Its top surface is a slightly modified part of the fo twal of fault A; its north surface is

Section 8 (S8)
Figure 112.

of the top

View of conduits near 51.

half tube above the

is visible as a

of the narrow trench (NT) relative to the half tube in section 8 .
appear on the fault A ledge and on the wedge-shaped breakdown .

ledge on fault A sa.jiS(oehctiNnFf)t9Aurdw-pesabovfultA
Joint spurs (js)
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the south wall of the narrow trench ; its bottom is surface of widening 2 ; and its other surfaces are formed by N 60-75° E set joints or fractures produced during collapse .

. .Thecontiua fhejointsabvhefult,po53andthercosian c.eriFgomflthw-spaberviyo,nltsqurfeajdoinhtcufrm5.b1XantScoih3lgjespwurdnagiothsefpulr-jacinotghmebENks60f-7j5ro°iantdwhcvebnlargdow intj spu.rO(nFitghefl1o2) dgenarthbcp.oinIatl5s1brechvinto wdergionalthefu (3)At51hescion8alftubernchsiotejnfsuroectin9A,asprvoulynted

(5) The normal nar ow trench is betwe n 51 and 52 on the north side of the pas age, on the side of the fault hat is downslip from the

(4)PorlypesvdunrctfaespronthuwalofthepsgawinchesbloB12anged-joitsmn53-4ad 6 .Nearby,fctudsraelftbyhcoapseftblockhavedstrynfomeatursfnechmtprsnelwhaogteupr insecto9B .Acarefulxmintowasdefthlor etubfjoinsegmt51-3onseci9A(wh sigertanB12logsectin9B ;sePlat4).Finracesofundtsrfaceug thnrecmbgaontheflrbuwasonhlted .Thusabedrockigwasleftpringjotsem
51-53 from fault-joint segment 51-51X and joint segment 51X-53 .
I
-Fault :' thats doWnd!p-_ f rom, .The
passage, -pw. -th-q-.,aidc -o& A-0-
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fault-joint intercepts .

(8) At 59 section 1 divides in downstream branching into an up er bed-joint conduit and a lower fault-joint conduit . Although these conduits are past the end of the segment analyses at 59, it is helpful to include them in Figure 1 0 . Inclusion of these conduits makes it easier to depict the development of the breakdown blocks along the final reach of section 1 (Figure 1 0L) . No at empt is made here to describe features along the extra conduits .
(6) Section 11 begins with fault segment 52-57, a lift on fault A. The upstream end of the segment has a prominent half tube (Figure 113) at the lowest part of the lift in the lower loop . Near 52 the half tube has a cross-sectional area 2 to 4 times larger than the areas
of higher half tubes on nearby fault segments on faults A and B . At
several places along
N 60-75°
the length of fault segment 52-57 there are
s mooth-walled blind fissuresE set
above
joints. fault
Another wedge-shaped
A onbreakdown

block is present along this reach .

(7) From 57 to 58 a half tube on an inclined joint (joint segment 57-58) rises to fault B . A half tube winds along Fault B to position 59, forming fault segment 58-59 . Along this region some wideningoc urs on fault spurs, mostly above the half tube, but also below it near 59.Yet another large wedge-shaped breakdown block is present below fault segment 58-59 .It has an up er fault surface, a lower surface formed by surface of widening 2, a north surface on N 60-75° E set joints, and east and south surfaces formed by the nar ow trench

conduits .

.

traceonh isvblea ntig .FaultA()
far north wall. The photograph of Figure 112 was taken from a point
near 52 . The half tube is large because conditions of closed-conduit
flow lasted a long time in the lowest part of the lower loop . Fault B
(FB) offsets bed parting 12 (B12) on the near north wall, which has
many rivlet patterns. Drops of condensed moisture appear on the
ceiling (arrow) and in the half tube, which has abundant droplet patterns. Note hat heright(east)wal ofthe alftubeisrelativelysmoth, avingbenafectdles bycondesationweathring .

.Positn52aproximtelyhocainfterbdlamp .Viewstohnr

.LargehlftubonaseFgimurt512-37nse

Interpretation

371

)
interpretative
problem is
(2) The pres nce of the bedrock bridge and the faint undercut surfaces can be xplained with the aid of Figure 1 4 . Figure 1 4A shows the xtende profile of the midlines of segments downstream of and near the First Paleoshaft . Figure 1 4B shows the arly stage IA flow path which fol ows ections 8, 9A . 9B, and 1 . Figure 1 4C shows the stage IB flow path after the linkage of sections 9C and 9D . That linkage forms the first closed lo p in this region of the flow path of the North Canyon . Figure 1 4D shows the conduits at he begin ing of stage I . By this time fault and joint spurs have formed at various places along the flow path . Wher thes fis ures extend above the

.

(1

The main

surface is on the floor of

-

the joint

theidnfcationfhesqunceofdvlpmentofhelowpaths uedth woclsedopbetwn51ad2 .AneBvsiodftahbrl,mnueocftasdgpruni(beltaosphryfdvelgm)njtusobhwlB12pa,tngesmociu9fBlvdenisth rbuonfeatrs nchmet
fissure

of sections 9A .

Recal that section 9A lies up aleoflow from and at a higher el vation than section 9B .THhaedfsloctrin9A Bfsohrmueldtavnbyiowcpsedhltn51avo2fthebsn prtechmbndok,itgefhausrpontecihm9Asfrouldteavwbnciorsd9eCvalpDnctio9A

Figure 114 . Profiles of the development of conduits downstream of the
First Paleoshaft . For explanation, see text.
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The xplantionrefredtoisa fol ws . Most of the discharge at he time of Figure 1 4E fol owed sections 9C and 9D, only a smal amount of the water incised the flo r of the fis ure of joint segment 51-53 . Moreover, vadose flow on the flo r of the fis ure oc ur ed for only a brief time. It o k only a few inches, at most, of incis on of the high point at 58 (at he downstream end of pres ure lo p 6) to produce ab ndonment of low through the joint fis ure . Figure 1 4F shows the conduits after further incis on during stage I . The high point near 57 was low enough to al ow incis on of the flo r of section 9B . Entrenchment on section 9B lasted only a brief time, howev r. The integration and continued enlargem nt of the fault-joint fis ures betwe n 51X and 52 al owed increasing amounts of the discharge to be diverted aw y from section 9B. Final y, the downstream high point below 57 was lower d below a lev l that would al ow section 9B to remain active (Figure 1 4G) .

midlines of the original segments, the profile shows conduit heights that appear, but are not anomalously wide . The initial stage II flow path has two regions of entrenchment separated by pressure loop 6 (see Table 10). Considerable enlargement has occurred along fault A between
51 and 52 both on fault-joint intercepts and along the fault away from
the joints.

However, fault-joint segment 51X-52 has not integrated .

Figure 114E shows the conduits for the time at which the water surface has been lowered (by incision of the high point near 57) to the elevation of the base of the fissure of joint segment 51-53.

f

StruceofhPsntaio

The vidence and interp eta ions at he key junctions may now be used to reconstruct he overal history of Canyons 1 and 2

A Reconstruction of the Development

3 74

theCollapse
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AnextSd parofgilerISthAesa.goIAfrDlwuptahilnsgoywsintPlabge7eIfA.o(ThPerdlivasetonf9het)a,rlhycsoneduit ownlevMstihaenrtcoheminoupsrwfth ouc-erSalsngmptelvrs1eanMd2izscetrkhPngamsegntl.eT,dh atrloycanduitsbalnrogecmnthplevwoi1narte fokjurstbelowBc8ftion.tsDeviau1AonsbaelwdB8sonNlweartopsn15cudrinsectfo Mi,1.sand3.FoulrDewspitnshgelotpihngf,eocprfinledmouiwestardloivfeyupnrolimdeosacrntwyeimnpdtbeyarhptosih,nfsB8ectwion.t1IAhis(temapntgohaeributSohedpnviatoHstfrlmBe8)toincreasdnfctmurieswdthe(rolatgivweronBu8)dringawthevryaliteshragoeufdihsolbuatno,whetiavnolbcemdpsartiongbflderactuPosnwelrdubaingtselcodtsferm9chtsiaogenIAsflow1paBths(eRPaltmr1H984ob)l.e tubeT)he.Atnhaeimt,;wou1ldap(erCthkanyeomsit1pen)a;rtigew2sBg8(,aCnrdothafleotwcdveiaodnfrmTB8uinbpleanc)swhre;tidh3nerc(oCeatndfyrocueslBf)tua;ndbheasrntude8ao,Bg9Ae,s9B, a.nd 1 (Canyo 2) .
I

Stage l and its Substages

,Of_- ,_,Cntrznchme0, F .°3 network

--- ,Skor

,fissure Jormid --.4 Lpvir :paths .; with -Nijhe . p attern-- -shown . at Ih-a , bottom pf,
Plate 9.'' The network integrated in three substages .
Stage

L&

During

stage I A

(Plate 9),

section M

in

the

proto-Saltpetre Maze Passage led to a branchpoint for sections IA and
N

at

1J.

Following the conduits of primary interest, section IA (at
4
watc;; throu
_aow, -#arecsslble
iuk6)ji',L_ _(Canyon- . fl 2 ,(Connection

SMVAMyaad`1I-(Canyon 2).
-.t6 stage' . IA how- path _i$_skqw:n --in Plate
T.

The

division

of

the

early

conduits

into

two

levels

that are

coterminous with structural segment levels I and 2 is striking .
early conduits

along

segment

level

1

are

at or just

Deviations below B8 on lower loops occur in sections

K

The

below B8 .
1, and 3 .

-twifoxw -,:,descent
diet

the-- pds WbYr '_- of

B& '

It is - tempting to '- attribute -- the

:fracture
.
BA,

the

very

p a gtwimnjsag'!g
4

e
M

arml
-1,

?k

:-Im-j=cau4.

stages

.,.. Fracture -:ewe

-9f

-_w*dIh-tIreIxtivr - -:to .M) -during

dissolutian, -.~ when -the_ -availabla . - bed

reitrg

elected - to form :the - staic -AA flow

paths (set Palmer, ISPSO). -At that time, it would appear that, the -most
'1;7

open' parting was B8, and that flow deviated from B8 in places-'where
wider interconnected fractures left and then returned to B8 .
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For B8 conduits,
descent of stage IAthat
tubes.s.yncTOlhieotaxrmp fscneidhotalrbypfensctouhdraliwenctoghd1surifaeI(blowandPte8)
Segmntlev 1isconectd osegStage
mntlev 2byajointconduitbew n23andIB.
24 . Theinvestigaedpartofsegmthere
nStage
tlev 2has higlyiregularpofile,dspiIBte sproximty oB12(Plate
. B12isamoderatlyprominetpartare
ingtha guide9)sa ignficantlengthbegan
ofbedan bed-jointsegmntsdownstretwo
amof59with
inCayons2,3 and4 ; howevrthe
,itguidesonlyafewsgmexceptions
entsaddition
inthemainpas ges tudie hre . Asbefor,it stempingtoofatribute h deviatotwo
ns fromB12(alongfaultsandtributaries
fault-joint ercpts) oincreasdintalfracturewidths,fol wingarumento
tsofPalmer(1984b).. Howevr,intheSections
caseofsethe
gmntlev 2conduits, hismaynotbecorect . Instead7D,
,B12waslikerelatively
ynarower,ands6D,
oB12wasuedonlywher themu6C,
chwiderfaultsandfault-joint6B,ercptswer notavilabeon6A,
segmntlev 2,whic hasmnyand
faultsegmntsdownstreamofth6emainpas gesform
tudie hre uniform
. a tributary

and anticlines in sections 2 and 3 . These anomalies are important
because the high point on the crest of the anticline (near 13) affected
flow-path history at the onset of stage II and played a role intheslction fsection5tobecm aprtofCanyo 1rathe ansection2(whic was bndoe astheConectionTube ;seblow).
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as targeted into junction 1,6,1B at 3 . Section 4 forms a tributary targeted into junction 2,3,4 at 13.
Most lAiknelye,xthtesentdriebudtaripesrobefgainltheeirfgororwthpasarintdepondfenttfhloew panthestwupolriekd bfyojorintssatnadgfaeultsIlBeadiinsg tosthhoewbend ofiCnovePRlunate 7 . That gro.wth maTyhheavepberguonfdiurlineg evbengthienasrliuesptsgrtowrtheaofmstawgeiItAhfloswepacthtsio.n H7owAev ri,nthethviedencAe attujubncetison n1,e6a1BrandthjuenctiSonw2a,l3 4eistbesetnitntrerapnetced as indicating.thatIthesetxrtibeutnardiess ddionwotnlsintkraesaopmen ftloow pjatuhsnucnttiilostnage1I,f6lo,w1paBthsihnad fcoromenddautiratnssmistihveantetwoernklwiathragreedlatitveoly lfoowrhemad,ttohweardAwhicthutbheetswo torirbutparaierstcosuldorfedirCecatnyheoirngro1wth and intersect a.t nearlyAlrioghntgangltehsis tributary., SttahgeeIBiinsfcoensrideerdd topbaergitnsprec(isdealyswhitehdthebsllainckakgesli.neThse)linhkaagevsearebpelacend wiathsinithgensaemedstaagpe bercaouxseiimtaistneotlcleeanrgwhtehthser ofronort otnehpereidartesptahetohthseralon.gUntBil8further segment an.lyseThhaeve bternimbaduetinatrhye Hehadawasl oPanslagye antdwSoaltpdetereviMaazet,ianodnusntilbmeorleodwat Bha8ve be n co.l ectTedhoen thdeesveqiueanctinigoonfssinkaporinetsaoflCoovnegRunN, it6w0ou-l7d5be pdreemagtruree tossubEdivsdeetstajeoIiBnts wit.hin section 6 .

ave been made in the Headwall Passage and Saltpetre Maze, and
until more data have been collected on the sequencing of sinkpoints of
Cove Run, it-,would be, pnemature . .to, subdivide stage IB .

_A . .tr t,pad prpl'il f r paa~t:
i
~'

late_ ;,7. ,,

>be
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-the . nexzroric •
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•s -stage-A

:
.
-ups wixh , estioa '7A, in -.the 'A-tubes
.pro )ley S

- noa-r tl e' &wa*ef entrance: It a tends--downstream. t o junction 1,6,.&B

Aaa0u#s

a1,,~nl rged .k-

: . fcung--ahe _:,•t ubes ot •-

ru -- df . . .Canyon . 1 .

:-been
:--have
.)
Along this .tributary, ,-thc`.inferred !parts (dashed black lines
f- assigned approximate lengths for their paths along B8 . The tributary

-4

has only two deviations below _B8. - The deviations are along ., 1'+h,• 6O-75° E
l
set iaints-within section 6 .
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one for stage 1A.
conduits have

There are two differences, however.

enlarged slightly.

One is that t he-

This enlargement is most

on joint fissures where a given increase in

noticeable

cross-sectional area is

spread out over a greater vertical extent than on bed or fault

seg-

ments. (This factor results in the erroneous impression of an unreasonable local increase in conduit size .

Of course, there may be some

localized increases favored on joint and fault segments, owing to
local increased widths of their fractures within the spurs, compared
tighter par

to

1n any

tings on bed segments.

case, the linkages oftT.h)eostagrd1iBfbnucestharpoflivdtaencrsdhpotenialfrhtoducinfagresvoundwater higydostacheuringflod

sections 9C and 9D have been added . These sections should have
integrated by this time, given their close proximity to the section 9A
and 9B conduits.
Stage IC.

Stage IC is characterized by

the addition of

two competitive flow paths . In each case, the additional flow path
follows a shorter, higher gradient route, most or all of

which lies

.Tn6ObhdCDe,loApwBatisr heuSwaltnrce,whstion7BadCshrtciueons
other path is farther downstream, where section 5 formed a route competitive with sections 2 and 3
.

Most likely, these additional

routes began their growth during one of the earlier stages .

However, the evidence of the relevant junctions indicates that the linkages did
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not occur until the two stage IB tributaries (section 4 and sections 7A, 6D, 6C, 6B and 6A) had linked and enlarged slightly . Asbefore,thenwlinkagesareplacedinthesamestagebcauseit snotclearwhet ronepredatestheother . Inthiscase,it snotlikelytha evidenc anbefoundtodistnguishrelativetimelinkage .

A profile for the start of stage IC is shown in Plate 7.

This

profile shows the main conduits along which Canyons 1 and 2 enlarged .
section 7A near the Swallet entrance, as an

It is drawn from

in fsure thjoin f osme xtende profile along se.cAprofilteasghyolternimsagICnPlte7showApr,gesivnla7g B, 6, 1, 5, 8, 9A, 9B, and 1 .NearthSwlnrace,stio6DC,BandAreshowpjctdnohexdprofiles ctn7BadC,hectirxmeshotnig

sections 7B, 7C, 6, 5, 8, 9B, and 11 .
The Onset of Entrenchment and the ReorganizationoftheSagICFlowystem

The onset of entrenchment began the transformation of the stage
IC conduits into the canyons of the Headwall Passage, the North Canyon, and the Saltpetre Maze Passage . Interpretation of the onset of stage II must take into account the following features and arguments :

did not occur on the conduit connecting the
(2)

(1) Entrenchment
Entrenchmentdid

not begin everywhere at the same time,

Sound Hole to theR.FAi-agturbHeosl9,5)nhCectionTub(s

38 0

because the flow paths were ungraded . Locally, entrenchment . began on
.theigponsatwerpn thedowsramnfthelowrps

(3) En trenchment did not occur first on the upper passage level,and then on the middle passage level, as a result of a progressive
system-wide lowering of the piezometric surface .
(4) The effective-enlarging discharges at

the onset of stage II (and throughout narrow entrenchment) were small..Ontheavrgduinsolt,waercvdthflors enawtrchsonlyafewichsdpt

(5) Entrenchment is unlikely to have begun in Canyon 1 without having begun in the Saltpetre Maze Pas age ither previously or at he sametime.Thisfol ows fromthe el vations of ther spective

conduits, and the lack of entrenchment onto section 1 B at junction
1,6,IB.

As can be seen in the profile for Stage: IA on Plate 7, most reaches of section M conduits have elevations that are higher than junction.Forcnditsfloe-cnduitfwohavecntiudroghM,sectinMadNferthons rechmntiCayo1,neN,ftholwingmusthaveocrd 1A at their downstream end .Theyarlsoigthane poitnar15XsectionA

(a) sections 1A and 1B did not exist at that time (which is contrary to the evidence :

(b) an upper loop with . a high point above B8, at an elevation no lower than 5 ;.5orfetlaiv dum,wasprentb scion1AadB(whicsunlkey)
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(c) the conduit between sections 1A and 1B was plugged (which
is unlikely and would require a mechanism for plug removal).
(6) Entrenchment could not have begun in Canyon B without having begun in Canyon 1 . Conduits in sections 1 and 6 (and the tributaries to section 6) are higher than the conduits of sections 2, 3, and 4 . Also, features of entrenchment do not extend from section 3 onto section 2 at junction 2,3 4 . For condit ons of closed-conduit flow to have continued upstream of junction 1,2 5 within section 1 and its tributaries a high point within section 2 would have required an el vation higher than 6 .5 fe t below datum ; or section 2 would have to have be n plug ed . The former is impos ible, the lat er is unlikely .
PThleatient1e0rprsehtoawtsiotnhadtopthed uhpesretrfeoarmtehndonsfet aocfhstabgaendIoneids thuabtev(aFdiosgeurfelo9w5)beglainesimnulat nreoguisolny othfroiungihtoiuatl evnetlre1ncahndme2ntcondui.ts Eonacuhpaebranldo pnsed tube (S.ounTdheHol ecatio nRsatofHtohle ecaornliesctiroengion;s oAf-etnutbresncahtmenjtunactdiotnhe7iAn,t6eDr,ve7niBn,g7Dpr;es uCroen leoctpisoanreTusbheo)wnboengiPnlsatet10a fdorwntshteroenasmetbroafncsthapgoeinItA. This ob.serTvhaetiproens urge elsotps arme cnhumabneirsemd bayc owrhdicnhg thoethsetasgceh ImCe ifnltorwdpuactedhsincoTualbdeb1e0,reaonrdganumibzerds tforfporems iusroelaotepds chanvyeobnes n(CadnyedonfoBr,tChaenSyaolntspe1traenMdaz2e,PtahseagSealtpetre Maze. Palsateg8)gcivoenseactperdofiblyeafboarndsotanged ItuAbes. .
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The mechanism was partly explained in the interpretations of the development at each relevant downstream junction (junctions M,N,1A,7A,6D,7B,7D, 1,2,5) . A more complete explanation first invokes the conslusion that ef ective enlarging discharges were smal throughout nar ow entrenchment . It is then noted that, where flow paths branch in a downstream direction, very smal dif erences in the elevations of the flo rs of the conduits can determine how much of the vadose flow goes which way past the branchpoint .

.ForEivenxalmpyf,th soriendfwthualmcorseiptdnbuachmoresdplntyfihaerobcsdpmwn,tifhaeolursgnvthafiewcolduspgrmtheinofalbyrwdcsuetivnmhawbrdoluetvcismnphf areisothflarm ebownchpidut,e rwilsmpybeaondithcu,andtheflowi theorcndui

.ForAthjeuncid7M,wN6sD1ArBatmhebnicpos,lragemfntwivcosr7eBmdtinMblowsec 1A6Dhritemfaunlsvbroiechtn1gAlambdsroethnupalgftbeordpingslhtyaeimofbsrvatn
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the strike of B8 (Plate 5) . Finally, at junction 1,2,5 section 5 loses elevation, whereas section 2 gains elevation to the crest of the anticline (Plate 5) .

From the above relations, it appears that the onset of a decrease
in discharge to produce vadose flows at the branchpoints was sufficient
to bring about the decoupling of the flow system . The decoupling
;:T.he(21o3)nscatdiufrvgwhonetscarmgyikwvonbheltsrucm,agdiwehnofrtacmgpislenhoufwdbtmaCprviseRnuSdltb-Tfrkcondisbytheavilreorganized
dschrge
the flow system into three active conduits (the four
.StTaAhgweopIcsrinfdulm thabgewI-snAiozcldyuprmtaCionsl,e1bud2rg(Patvys8)lienfough6tprbscenliou,7yrtgavsbflenhucmt,adsevrlib
canyons) and three abandoned tubes.

Stagy it -

A

g

-

>-, '3

Rrgf~l for ; stag _=II

alt p,~::ps ae

nyons 1 and 2

(Plates°8).. identifies- .6 pressure loops,, ; 7_=-region& of .entrenchment, and
r-severasl ~~air beiIL : : . i . tlsis!= .-tie .t ~

,•.:are Sao _ an ons~ z'T ~ shaf is

appear between the upper and middle passage levels . The .•acoiidufts are_
human-sized _at- some . :locations, but are not yet large enough .to be
continuously traversable b_y - humans.
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During stage I A, proces es of entrenchment gradual y shorten d, split up, and then removed some of the orig nal pres ure lo ps . Thes proces es wer described and il ustrated in detail in Chapters 5 (p . 254-257) and 6 (p . 371-374), and wil not be red scribed her .

STAthaegeiIgB-dmporf.nThisB8taigeCbayconnw1p7hrD,dueitaegbraAkonisntfh.fcltoiyrp7DgnieaershthSkwdnlyarftownbreajcce,uidngssttxaionI10AbhweBm8diltpnasge.rvTch(Pltjmobi1n0)suhavegntirlaem.nCudspigrtaeIoYnA,hwypldrsiftevnagowr.csAhtzihdeubatgein ohfsstbarmeakIiBn,gtprefcluoqlporsi2,w6aAsfganddtuBlryemreimovcsnihgadtbeuIoB(rlhyigandcteu.sHofweIvBrpitrhony7lAesaD,uPmgtove8d)bprthyncfsiagepIrB(,Poltc8)n7DwasmpletyInfciodwh.eatrgpin sdowtrea.mnpidlyetoncsifhelorsctin7Dadevulytoagrdinfhe.lorpiangthsrec
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StageI
.HSitgahTWBercIuspAbmofnwdltCivPeahRscugr(nwftdomlphcaegsriv3nwf14)-,Ctdy2oaceslgurihnwtpfaoemIds1ign59lCh2cbytru)xveo,dfpnwihaglmbrtsy2coeunwNf30h-Cd4ai5sytgre1lpn,Emob2wjhuistagce(rnFfdoumthia107H-lJe)csndfutioapleshft(P 8)
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Stage IIIB. The transformation of the shaft into a paleoshaft continued with the development of section 5A . Section 5A linked as vertically extensive joints in the floor widened and formed a conduit targeted into the shaft basin

'
(Plate

8, Figure 107H) .

The linkage

decreased the slope separating the upper and middle passage levels and
facilitated a partial grading of the bedrock floor profile between
Canyons 1 and 2 .

.IJoiLCnaltrsgexbcpudmhwflraeotsnipdmucghro,fteawinN CchyolretaSgnwduqishrlckeyont asinCdHoleabvMnstrFl
If the fracturing of the lower walls
in the wide trench is primarily frost fracturing, rather than unloading
fracturing, then future research may be able to use that fracturing to
place an absolute time scale on part of the relative chronology worked out above .
-out above .
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CHAPTER 7
SUMMARY AND CONCLUSIONS

Structural Segments and Segment Analysis

specifd flowpaths cnbe .Integradflowphsre pathsnd(b)realig onfrctues 1.Fractueondisrmalconduitsh(a)rnmitsgoudwaerlngitaedflow
continuously from an input to a different output . Structural segments
are

fracture conduits inferred

classified
.

as

single-fracture

in

caves . Structural segments are

segments,.Segmntalysi oncudethsyofeinlucsoftr alegmnsupothrlgyandpterofcvasge p srow intercept

segments, .Segmntalysi procedufintyg,mapi ndstuygrcalsemnt or

zone

segments, depending on the number of fractures or the manner in which flow was transmitted along a given reach

2.

Geologic conditions conducive to the study of structural

butofwidely
fractures,(d)
(b) massive
segments include
(a) prominent
minimal
collapse
wallsspaced
or ceilings,
lim ted sedimenta ion by clastics or chemical precip ta es, and (e) pat erns of
bedding,

(c)

388. .

enlargement that preserve a majority of the initial y transmis ive fractures as fracture traces on the bedrock perimeters of pas ages . These conditions are most often fulfil ed in smal diameter pas ages, particularly in canyons in branchwork caves .
3.
criteria.

Structural segments are identified with a set of inference
The set used depends on the geohydrologic setting and the

types of cavern development .

mistaken

for

the

initially

If bedrock is massive, and fracture frequencies are relatively low, ct.ohuaelndPTrpbmsivftcaeunghrolsdbtepifavmhcrosldwtnuegbpf,iamyrcsotnhfldaeikytorpsenhfactursedbyhtrucalsegmn

transmissive

fractures

Neither

should

enlargement have been so extensive or so directed as
. to have totally
destroyed the transmissive fractures, or to have removed them from
view.Theprimaycondtsremonlyvia.tgepbdrPswhofmyiutnlby )ekxsvbprituaelfosg,mjniatlyexfo n,rcystalwedgin(

c.Ipsft4anerhuymSobgi,ld ehcastrumyqfi,owgndpaerstmbiho,cuglnfdaesmrtybiowfunalcsbyvdoe
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.streUSamfucl gsontearchmibnlsuodegtp,fracusneth,iolcgsabvethi fauresontchm
ledges, bedrock meanders, potholes, and trenches .Wherfactus

-

vertical, the elevations of features of entrenchment are critical
locating

the

initial

positions

of

flow.

For

each

reach

of

in

tube,

canyon, or shaft, the appropriate remnant of the early conduit (or part of the .pasge)mutbrohlycndatohefrcutais ndteforhavigcntedhsrucalegmnt

.5FoESraecghmsnt idpecfaobryngmitulsehafrdcvti nesdpoitcnfsegm whrflopatsbnch
example, an intercept segment formed on the intersection of a fault and
.tJ5ahu-n6djFcoirexsbmpfwl,gQtnhoiareuMc5a -Npmjdws1Agtihneracofpstin15ajucoM,N1A

.N6ormTalhisctuvdeyq ronlsgBmpeuactdrihSosnwf,leuctvaiorsbqlenuctdyikowv,lprmefnabtyiscdrleomvapitnhgsuy-deonalptrsfhegmnt
component are not sufficient.

It is necessary to map the relationships of the segments to plans, profiles, and cross sectoins of the passages taking careful note of lithologic features .Thelngtsof
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to.Cshfenr(duac)ivlgmtsuhenbalyzdrwitsoheacu plnsdrofie sgmntidle(symborpentighlocansftheialownthefracus,dwnomiledagrs)cnbedaw
diagrams, (b) observations of the morphologic features present near
junctions of conduits, (c) observations of features of entrenchment,
and (d) an understanding of processes effecting enlargement of conduits .
7

tic.onahmrbITkdevxsqu fyoptgirmaenvsld teaniouwhrmlcnsgtiowk hursincold,wyetormudcnits
observations

of

morphologic

features .

Until

(a)

the

passages

and

segments have been mapped, and (b) the segment profiles have been
drawn, it is not clear what morphologic observations are necessary to identify temporal relationships between the flow paths .INnoreaicsht,lynesarwhdtilonepatrhdiculoanfertpshw-avfiortmedynha isufcentlymodif nterp

8.

In most caves, the patchy nature of the

unjustifiable the effort

evidence

required by segment analysis .

renders

Yet in many

caves (for example, numerous . branchwork caves in West Virginia), flowpathsfol wedavrietyofrecognizablefractues nderchangi hydrolgic onditons .Themodrncuitsleovra lsnd
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GLOSSARY
New Terms or Standard Terms with Special Meanings

air bell: an air-filled pocket in the ceiling of a conduit that
otherwise is completely flooded . The pocket may take any shape .
Typical forms include joint fissures, cylindrical bells, and domes .
appropriate concordance : the requirement that the part of a passage
that is a candidate for having contained a structural segment be
concordant to an appropriate fracture, line of fracture intercepts,
or zone of fractures . Concordance means "aligned along" . Concordance is a three-dimensional property . Concordance is not equivalent to "having the same orientation as" . It is true that many
transmissive fractures are roughly planar, and are adequately
described by a single attitude by specifying strike and dip . Yet
many fractures are not adequately so described . Fracture conduits
can have any orientations along their lengths that are allowed by
the changing attitudes of their host fractures .
bedrock, dam: the bedrock which ponds a body of water within a conduit . The water body may be a small pond, a lake, or a completely
flooded conduit . The top of the bedrock dam (or sediments on the
bedrock) forms a high point within the flow path.
bedrock

meanders :

those parts o f sinuous bedrock trenches which contain
walshoepn,

.asBderwonckfmusievdntoagxhfbwcuspionrg,tehmbluawpysnovferidcmutase

bed segment:
parting .

a structural segment that uses (is on) a bedding plane

bed-ioint segment:

a structural segment that uses (is on) the intercept
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branchpoint : the position at which a fracture conduit divides into two
or more fracture conduits . A branchpoint is also a junction of
sections of segments, or a junction of conduits enlarged from
segments .
branching, rule : fracture conduits are divided into sections of structural segments wherever fracture conduits branch .
Alternately
stated, flow paths are divided into sections wherever flow paths
branch. The division of flow paths into several routes in a
downstream direction is downstream branching; the joining of two
upstream routes to form a third route downstream is upstream
branching.
For practical reasons, exceptions are made to the
branching rule for very short closed loops on a single fracture, or
for anastomoses on a single fracture. Exceptions are also made for
branching along blind fissures (which are not, strictly speaking,
structural segments) and for the branching in passages that occurs
where mined segments form .
branchwork cave : a cave with a branching plan pattern, usually a result
of the input of tributaries .
breakdown : in caves, bedrock fragments usually produced by collapse .
By extension, the term is applied to other locally-derived
fragments 'produced by such processes as crystal wedging, e.g., by
the growth of gypsum.
canyon: by some interpretations, a canyon is a passage that is neither
a vertical shaft nor a fissure, and which has large height :width
ratios . So conceived, canyons can form by entrenchment or by
paragenesis.
Each type of canyon has characteristic features,
which depend on the geohydrologic setting and changes in it. In
this study, any passage whose floor has been entrenched, and whose
volume has been excavated mostly by processes of entrenchment, is a
canyon. The distinction is necessary because of the style of
growth of many canyons, which enlarge by entrenchment of preexisting tubes or fissures .
It is in fact helpful to have a
defined cutoff point (over 50% of the volume) for the transition
over time of the original conduits into canyons . It is helpful to
have a defined cutoff point for the transition of tubes to canyons
or canyons to tubes within individual continuous passages; this is
particularly true where the original tubes and fissures had
ungraded profiles, and simultaneous open- and closed-conduit flow
occurred nearby within the same flow path .
centerline : a line drawn down the center of a conduit or a part of a
conduit, as shown on the plan .
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classes of structural, segments : groups of structural segments . There
are three classes . The classes are distinguished on the basis of
the number of fractures that guided early flow, or on the basis of
the way in which that early flow was guided . The classes are :
single-fracture segments, intercept segments, and zone segments .
closed loop: a flow path or conduit that branches but then rejoins ; the
closed loop consists of the two separate routes or conduits that
rejoin.
condensation weathering
the weathering induced by condensation of
moisture on cave walls and ceilings . Condensation weathering
increases the surface roughness of walls, ceilings, and breakdown,
producing rivlet and drop patterns.
cusp:

a rounded or sharp edge or projection on the wall of a trench .
Cusps are boundaries of undercut surfaces ; they descend at low
gradients in a downstream direction .

dissolutional, mining, the process of dissolutional removal of bedrock
to form part of a flow path . Dissolutional mining can link
previously unjoined fractures to create a flow path . Dissolutional
mining can bore through unfractured bedrock to link pre-existing
conduits, forming, for example, higher gradient cut offs . The
bedrock removed by dissolutional mining need not be entirely
unfractured ; the essential point is that the fractures did not form
fracture-guided conduits .
downstream branching: the division of a conduit or a flow path into two
or more routes farther downstream .
drop:

a reach of structural segments that loses elevation in a downstream direction . Also, in standard caving terminology, an abrupt
loss of elevation in a passage or from one passage to another,
usually requiring vertical ropework to negotiate .

drop

pattern:
the droplet-like pattern of bedrock surfaces resulting
from condensation weathering.

endpoint: the beginning or end of a segment . An endpoint is designated
by a position name . Endpoints of single-fracture segments and
intercept segments can usually be specified with precision as
points . However, endpoints of zone segments and mined segments
are often very difficult to locate precisely . Hence their
endpoints are often more accurately described as regions, and it
becomes useful to speak of regions of transfer of ground water from
one segment to another.
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endpoint rules : endpoints are designated at positions or regions where
(1) flow changed from one fracture or fracture zone to another
fracture or fracture zone;
(2) flow changed from one class
of structural segments to another class of structural segments;
(3) flow branched on a single fracture ; or (4) flow passed to or
from a mined segment .
entrenchment: in caves, the process of conduit enlargement as directed
primarily downward through the activities of a free-surface
stream. Downcutting refers to the lowering of the floor as floor
material (either sediments or more importantly, bedrock) is
removed. Lateral undercutting refers to the undermining of the
walls of a conduit by a stream . Headward retreat refers to the
upstream migration of a feature (e.g., the lip of a shaft or a
drop) as entrenchment proceeds . Entrenchment is aided by any
processes that weaken bedrock floors, walls, and ledges (e.g.,
chemical and physical alteration of clay minerals ; gypsum wedging ;
flaking and exfoliation) .
en echelon pattern of joints: the offset, overlapping pattern of joints
at their terminations as seen on plans . Joints may terminate with
or without
.:enthcolfspairkgemtdlnsofijegmntsoie ,asnopldrawfsinglevato
hooking toward or intersecting other joints of the same
set.

fault segment : a structural segment that uses (is on) the intercept of
a fault and a joint.
fault-joint segment :
a structural
intercept of a fault and a joint .

segment

that

uses

(is

on)

the

features of entrenchment; morphologic forms produced by processes of
entrenchment. Examples include potholes, certain ledges, cusps,
undercuts, and notches.
fracture conduit: a small conduit that transmitted ground water along
an integrated flow path and that was aligned on a fracture, the
intercept of several fractures, or a zone of closely spaced
fractures .
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fracture-conduit stage (of the development of a flow s:tpahg)e
at which integrated flow from specifiable inputs to specifiable
outputs has been established, such that the bulk of the flow within
a given parcel of bedrock is through discrete fracture conduits .
Usually, the fracture conduits have sizes considerably larger than
nearby less altered fractures that may contribute small diffuse
flows. Specifiable inputs and outputs are designated by position
names on plans, profiles, and cross sections of maps. The inputs
can, but need not be surface inputs (e.g., sinks, shafts, swallets)
or outputs (springs, resurgences) .
graded flow path: a flow path having a slope that is relatively uniform
and that descends consistently in a downstream direction . Usually
the term is restricted to th -e discussion of specific reaches of
flow paths or conduits, for specific stages of development . The
term may refer to conduit floors and midlines . By extension, it is
often useful to refer to ceilings as having graded profiles.
high point: on a midline, a point with a greater elevation than
surrounding points up- or downstream . On the floor of a canyon, a
high point is a point that has a greater elevation than nearby
points up- or downstream.
high region: on a midline, a short reach with a greater elevation than
surrounding reaches up- or downstream .
integrated flow bath: a flow path that is linked continuously from
specifiable
to
different
specifiable
outputs .
See
inputs
fracture-conduit stage.
intercept, segment: a structural segment that uses (is aligned along)
the intercept of two or more fractures. If there is more than one
intercept, the segment is a zone segment . If the fractures are
planar, then the intercept will be linear .
joint segment: a structural segment that uses (is on) a joint .
function: the branchpoint or position at which three or more sections
intersect. Also, a junction is the intersection of three or morte
conduits . Junctions are named using the word junction and the
names of the sections, for example, junction 1,2,3 is at the
branchpoint where sections 1, 2, and 3 intersect .
lateral ' off e : a plan pattern of segment midlines in which midlines
trending in a consistent direction are interrupted in the middle by
a sideways offset .
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lateral undercutting : the process by which a vadose stream cuts into a
wall, gradually undermining it . Undercutting produces notches,
undercuts, cusps, undercut surfaces, and ledges . Undercutting is
common at bends of conduits on outside walls . Undercutting may
occur on straight reaches if clastic sediments or breakdown armours
the floor and direct the flow against walls .
level

of structural, segments (segment level : a reach of structural
segments (or a network of structural segments in two or more
sections) at approximately the same elevation .

linear pattern : a plan pattern of segment midlines in which the
midlines
straight
traces
.
lift:have
a reach
of structural
segments
that gains elevation in a down-stream direction .
looping of ground water : the ascent or descent of ground water combined
with a return of the ground water to the original elevation, more
or less, at a point farther downstream . No actual closed loop in
the flow path is implied .
low point: on a midline, a short reach with a lower elevation (within a
lower loop) than surrounding reaches up- or downstream .
low region : on a midline, a short reach with a lower elevation (within
a lower loop) than surrounding reaches up- or downstream .
lower loon : a reach of structural segments heading downstream with a
drop followed by a lift and ending with a high point or a high
region.
maze cave : one having multiple closed loops that formed contemporaneously.
midline : a line that represents the positions of flow of ground water
on a structural segment, as inferred for the onset of integration
of a flow path . For a single-fracture segment or an intercept
segment, the midline is usually at or near the center or middle of
the morphologic remnants of the early conduits, as represented on
plans.
midline, diagram :
the schematic representation of the
structural segments on plans, profiles, or block diagrams .

midlines of
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mined segment : a reach or segment of a conduit formed by dissolutional
mining . The most common mined segments are in canyons where
entrenchment has removed unfractured bedrock on the floor, and then
intersected a fracture which enlarges into a fracture conduit, thus
forming part of a separate diversionary flow path .
narrow trench : in Snedegar Cave, the upper, narrow parts of many
canyons . Before the onset of wider entrenchment, there were only
narrow trenches. Most narrow trenches were modified, with wider
trenches forming below them .
In some locations, particularly
downstream of position 59, diversion flow paths formed, and
the narrow trenches were left intact .
network, maze ; a maze with an angular pattern of intersecting passages .
nested loop : a lower or upper loop that is part of, and is contained
within a larger lower loop.
notch : an indentation in the wall of a trench ; the notch consists of an
upper cusp, an undercut surface, and a lower cusp or a ledge .
offset pattern:

see lateral offsett

paleoshaft : the remains of a shaft left after headward retreat and
lowering of the lip of the shaft .
passage level :
a reach of passage (or a network of passages) at
approximately the same elevation .
passage segment : a reach of passage. Also, the reach of passage that
is enlarged from a specified
structural segment or mined segment .
a:t(oflPrhienksgp)m
midlines of linked segments . Patterns of linkage are defined with
respect to the geometries of the midlines on plans or profiles .
perching height :
level .

the height of the floor of a canyon above local base

plan pattern: the plan-view spatial arrangement of the midlines of one
or more segments .
position name : the name of a position within the cave . Position names
are used for segment endpoints, branchpoints, junctions, and
occasionally to locate other features . Posirtion names are numbers
or letters ; they are combined with fracture names and the word
"segment" to designate specific segments, e.g., bed segment 1-2 .
In most cases the first position name specified is upstream of the
second one specified.
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pressure loop: a reach of structural segments (or conduits enlarged
from them) consisting of a lower loop (or one or more lower loops
nested within a larger lower loop) during the time period in which
flow is closed-conduit flow that is driven by a pressure gradient .
profile pattern : the profile-view spatial arrangement of the midlines
of one or more segments .
region of entrenchment: a part of a conduit in which entrenchment is
taking place. A tube may lie within a region of entrenchment and
gradually be transformed into a canyon .
region of transfer of ground water; the region in which ground water
For single-fracture
transfers from one segment to another.
segments or intercept segments the regions can usually be specified
as precise endpoints . For zone segments and mined segments the
endpoints are more difficult to locate precisely, and endpoints
designate small regions instead .
rivlet pattern :
the pattern produced by thin films of condensed
The
moisture that descend steeply sloping bedrock surfaces .
pattern closely resembles the rivlets that form when condensed
moisture coalesces and descends window panes in houses in the
winter.
section of passage: a reach of passage that has been enlarged from a
section of segments .
section of segments: one or more structural segments that are grouped
together . If a flow path does not branch, then it will consist of
If the flow path branches (or the conduit
a single section.
branches), then the branching rule applies, and at least three
Exceptions to the
sections of segments must be designated .
branching rule are made in several circumstances (see : .
branchigule)
segment analysis: the process of identifying, mapping, and studying
structural segments . Segment analysis includes the investigation
of the factors influencing the integration of structural segments,
and the study of the influences of structural segments on the
growth of the early conduits into the modern passages .
.T:tlshengm ofatrucenl
segment is the length of its midline . The length of a mined
segment represents the minimum amount of rock removed by dissolutional mining ; it is measured in a straight line from the nearest
appropriate structural segment upstream or above, to the endpoint
or other appropriate position on the target structural segment
downstream.
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segment level : level of structural segments .
segment, name : the name of a segment . For a structural segment, the
name is constructed by placing the name of the host fracture
before the word "segment", followed by a specification of the
segment endpoints : for example, bed segment 1-2, or joint segment
9-3. For a mined segment, the name is constructed by adding a
specifiction of the segment endpoints to the words "mined segment" : for example, mined segment 55a-56 .
segment terminology:
segments.

the terms used in the description and study of

segment tvpes or tvpes of structural segments: groups of structural
segments based on the type of host fracture or fractures . Examples
include bed, bed-joint, and joint segments .
single-fracture segment:
a structural segment that uses (is aligned
along) a single fracture such as a join.
sinuous pattern : a plan pattern of segment midlines in which the
midlines curve or wind around.
speleogenesis : the origin of caves.
structural segment: an inferred fracture conduit . More technically, a
conduit inferred along one or more fractures, such that the
fracture-conduit(s) can be inferred to have guided the flow of
ground water during the early fracture-conduit stage of the
development of the flow path . For practical reasons, a structural
segment may consist of more than one conduit on a single fracture,
where it is not useful to distinguish each individual conduit . For
example, closely spaced anastomoses on a single bed parting are
often most usefully treated as a single structural segment .
a surface along which passage width . increases,
surface of widening:
usually by a factor of two or more . Surfaces of widning are
undercut surfaces, some of which have been slightly modified by
collapse. In Snedegar Cave, surfaces of widening separate the
upper narrow trenches from the lower wide trenches .
target segment: the first clearly distinguishable segment downstream of
an apparent gap in the segments of a flow path.
undercut : part of the wall of a trench that has been undermined by a
vadose stream. An undercut consists of a cusp and an undercut
surface .
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ungraded flow path :
p
ath
upper cusp :

a flow path that is not graded (see : graded flow

the cusp above an undercut surface with a notch .

upper loop : a reach of structural segments heading downstream with a
lift followed with a horizontal stretch or a drop .
upstream branching : the division of a conduit or a flow path into two
or more routes (as tributaries) farther upstream .
wide trench : in Snedegar Cave, the lower, wide part of a canyon .
zone segment: a structural segment formed in a zone of fractures that
are too closely spaced to reliably infer which one or more of the
fractures or fracture intercepts transmitted ground water during
the fracture-conduit stage of the development of the flow path .

